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Chinese hamster ovary (CHO) cell lines with favorable attributes are used to 

commercially biomanufacture hundreds of therapeutic proteins and antibodies. 

Companies heavily invest in private Research and Development sectors, enabling the 

latest innovations of cell line development and custom media/feed blends to ensure 

reliable and highly productive cell platforms for mAb production. In comparison, 

academic researchers often face limitations in acquiring high producing cell lines, as 

they lack the resources and proprietary knowledge to generate these types of cells. 

This disparity is a challenge to the comparability between academic and industrial 

discoveries, as drastic variability can exist between low and high producers. As 

industrial CHO cell lines reach better performance characteristics, this uncertainty in 

the comparability of studies conducted using low producing cell lines continues to 

grow. To circumvent this issue, it is imperative that academic researchers have access 

to a high producing reference CHO cell line which will expedite and broaden 

understanding of a specific cell line through a communal approach of research while 

increasing the translation of academic break throughs to industry. 

To address these issues, we establish two monoclonal antibodies (mAbs) 

expressing, CHO “reference cell lines” from different lineages as part of a university-

industrial consortium (Advanced Mammalian Biomanufacturing Innovation Center, 

AMBIC) funded project. During the development of these reference cell lines, we 

characterize key growth and mAb production attributes while confirming key 

performance outcomes and technology transferability across two academic 
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laboratories. As part of these studies, we generate fed-batch cultivation data from 

shake flask and scaled-down bioreactor processes with data presented confirming 

titers over 2 g/L in commercial medias. Furthermore, a chemically defined media 

formulation was developed and evaluated in parallel to the commercial media. 

Next, we describe a developed cell line development (CLD) platform approach 

for creating clones with varying productivities using the reference cell line. We then 

describe a method for purifying the mAb using protein A chromatography, followed 

by a reliable, consistent glycosylation analysis using mass spectrometry. The proposed 

workflow can be applied for a robust CLD process optimization to generate robust 

clones, enhance product expression, and improve product quality attributes. Lastly, 

using our developed reference cell line clone platform, we evaluate the potential titer 

enhancing and glycosylation impact of the histone deacetylase inhibitor, sodium 

butyrate, as a productivity enhancer in relationship to mAb production levels. 

Finally, we performed an in-depth factorial design study using the reference 

cell line to evaluate the influence of glycan modifying media additives such as 2-F-

peracetyl fucose (2FP), galactose, and N-acetylmannosamine (manNAc) supplemented 

at various stages of cell growth. The resulting growth, production, and glycan 

distribution data help improve our understanding of media supplementation as a 

strategic tool for achieving desirable quality glycan profiles while also enabling faster 

process development times. 

Collectively, this work provides a universal, industrially relevant CHO culture 

platform, consisting of two “reference cell lines” to accelerate biomanufacturing 

innovation amongst the academic community. Furthermore, this work serves as a 

foundational study on methods and strategies for improving mAb production and 



 
 

 
 
xxi 

influencing glycan profiles for the academic community to build upon for these 

universal reference cell lines.  
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INTRODUCTION 

1.1 Background and Motivation  

1.1.1 A Growing Biopharmaceutical Industry with CHO Produced MAbs 
Leading the Way 

Biological therapeutics have rapidly grown with increasing quantity and 

diversity over the last few decades as these products are influential in the treatment of 

a variety of human conditions, ranging from oncological to autoimmune diseases.1,2 

Since 2002, there have been over 300 bio-therapeutic approvals by the US Food and 

Drug Administration (FDA) with the number of approvals growing each year as 

biologics expand into new modes of diagnostics and therapies.3,4 Monoclonal 

antibodies (mAbs) are immunoglobulins (Igs) that are highly specific for binding to 

antigen surfaces. Given this unique binding feature, mAbs have quickly become a 

substantial tool in the biopharmaceutical industry and have emerged as the primary 

biological therapeutic product for biopharmaceutical approvals.2,5 From 2002 to 2019, 

mAbs have accounted for 22% of all the New Drug Application (NDA) and Biologic 

License application (BLA) approvals with the FDA, reaching the historical milestone 

of its’ 100th mAb based biologic approval as of 2021.3,6 This milestone highlights the 

rapid recent growth of mAb approvals as greater than 60% of all FDA mAb approvals 

have occurred since 2014.6 The financial size and growth of the bio-therapeutic market 

is estimated to reach approximately 380 billion dollars by 2024, which is nearly triple 

the total from 2010.2,7 

Chapter 1 
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Within the pharmaceutical industry, manufacturers often employ mammalian 

hosts to produce recombinant protein therapeutics including mAbs, hormones, blood 

factors, and growth factors.8 Among the mammalian-based expression systems, 

Chinese hamster ovary (CHO) cells are used in nearly 70% of all commercial 

recombinant protein therapeutics produced.9–11 The prevalence of CHO cells for 

industrial mAb production stems from the capacity for human-like post translational 

modification (PTM), tolerance of genetic manipulations, ease of adaptation to process 

manufacturing scales, and adaptability to varying external culture conditions.3,11 

Additionally, CHO cells are resistant to the replication of human and other specific 

viruses, contributing to product safety during cultivation.12 CHO-produced mAbs are 

the largest and best-selling recombinant proteins, comprising 17 of 54 recombinant 

biologic approvals from 2010 to 2014, which made up roughly 45% of the total global 

value of biologics as of 2013.11 This trend has persisted with CHO-produced mAbs 

accounting for 9 of the top 20 best-selling therapeutics in 2019 with a cumulative 

earning total of approximately $75 billion US that year.6  

The mAb production process comprises multiple upstream and downstream 

process development steps and unit operations. Upstream process development steps 

include cell line selection, cell cultivation scale up, and media optimization. 

Downstream process operations include purification and filtration for isolation of the 

target mAb, viral clearance, and removal of product-related impurities, such as host 

cell proteins.13 Commercial production of mAbs was first introduced into the market 

in 1986, at which time many recombinant culture processes for antibody production 

had low expression levels, with titers well below 1 g/L.14 With advancing technology 

and the growing recognition of mAbs as effective treatments of several human 
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ailments, researchers have made significant progress on upstream and downstream 

processes, such that industrial titers between 3-5 g/L are routinely achieved. In some 

cases, companies have achieved up to 10-13 g/L in fed-batch processes and up to 27 

g/L through perfusion culture.10,14 This greater than 25-fold increase in titer over the 

last 30 years has been the cumulative result of upstream advances in plasmid design, 

cell line development, and process development that remain highly proprietary to the 

originating companies.15  

Companies continue to invest in research and development, enabling the latest 

innovations of cell line development and custom media/feed blends to ensure reliable, 

productive cell platforms. In comparison, academic researchers often face limitations 

in acquiring high producing cell lines, as they lack the resources and proprietary 

knowledge to generate these types of cells. This disparity is a challenge to the 

comparability between academic and industrial discoveries, as drastic variability exists 

between low and high producers.16 As industrial CHO cell lines reach better 

performance characteristics, this uncertainty in the comparability of studies conducted 

using low producing cell lines continues to grow. To circumvent this issue, it is 

imperative that academic researchers have access to a high producing reference CHO 

cell line which will expedite and broaden understanding of a specific cell line through 

a communal approach of research while increasing the translation of academic break-

throughs to industry.  In response, industry-academic partnerships, such as Advanced 

Mammalian Biomanufacturing Innovation Center (AMBIC), funded by the National 

Science Foundation (NSF), are seeking to close this gap.  
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1.2 Sources of Variability Within CHO Processes 

1.2.1 Heterogeneous Nature of CHO Contributes to Inherent Variability  

For high level production of mAbs, commercially relevant high producing 

CHO cell lines are used. These cell lines have a large variability among host lineages. 

Modern CHO cells were developed from several lineages, such as CHO-K1, CHO-

DG44, CHO-S, and CHO-DXB11.17 Each of these lineages originates from the same 

parent CHO cell line, CHO ori, first generated by Dr. Theodore Puck in 1956.4,18 

Modern CHO lineages exhibit considerable genetic and phenotypic heterogeneity 

because of extensive mutagenesis and clonal selection.19 Commercial manufacturers, 

with the goal of producing more efficient protein production, typically select cell lines 

based on the presence of metabolic markers such as dihydrofolate reductase (DHFR) 

or glutamine synthetase (GS).19 The presence or absence of these markers makes clone 

selection easier and faster through DHFR-mediated methotrexate (MTX)-based and 

GS-mediated methionine sulfoximine (MSX)-based selection systems.4 Clone 

selection via DHFR-MTX and GS-MSX systems have demonstrated gene 

amplification through increasing concentrations of MTX or MSX, which boosts copy 

number to improve expression levels and product yield.4,20  

In addition to selection methods, genetic differences exist with variability 

stemming from the site of transgene integration. Most commonly, random site 

integration (RSI) methods are used to generate stably transfected clone pools prior to 

selection. Consequentially, positional effects such as inherent epigenetic and 

availability/access of transcriptional factors surrounding the chromosomal site of 

transgene integration influence expression levels and product yield.21 Given the many 

factors influencing genetic heterogeneity among cell lines affecting expression levels 
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and product yields, it is of little surprise that previous studies have sought to 

understand the distinct transcriptome and proteome profiles of high productivity CHO 

cells compared to those of low producers.16 However, given the vast, complex nature 

of the CHO genome, strong correlations of individual genes to high producers remain 

lacking.16 New, more complete biological networks generated using bioinformatics are 

moving closer to revealing compounded genetic trends privy to high producers.22,23 

Other groups recently have explored chromosomal positional effects on integration 

sites through modulation of transcriptional activity and novel methods of targeted 

vector integration, referred to as site-specific integration. Researchers have identified 

vector elements such as ubiquitous chromatin opening elements and matrix attachment 

regions in the CHO genome of high producers as potential tools to design future 

vectors to prevent gene silencing and to maintain high expression levels.24,25 

Manufacturers remain at the forefront in successfully incorporating the combination of 

these various pro gene expression features for the output of proprietary high 

production cell lines when compared to academic researchers.  

1.2.2 External Process Conditions Contribute to Variability  

While not intrinsic to the CHO cell lines, external process conditions, such as 

cell culture media, also play a critical role in the variability of cell line performance. 

Modern robust, high expressing cell lines require media that support growth of high 

viable cell densities while stimulating synthesis and extracellular transport of biologic 

products. While researchers maintain cells in a basal medium with no 

supplementation, most require the addition of nearly 100 components, such as 

hormones, growth factors, vitamins, amino acids, and hydrolysates for high-level 

production.26 The development of media to meet these criteria has strengthened 
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significantly over the past years. Initial culture medias relied on plasma, serum, or 

tissue extracts.27 Of the three, media supplementation with serum, namely fetal bovine 

serum (FBS), was used most commonly.28 FBS and other serums contained hormones, 

growth factors, carrier proteins, and metabolites, which all are necessary to support 

growth. However, the undefined nature of these highly complex biological fluids 

carried undesirable characteristics, resulting in growth/production variability and 

increased risk of contamination via transmissible diseases such as bovine spongiform 

encephalopathy and transmissible spongiform encephalopathy. Additionally, 20 to 

50% of commercial FBS is virus positive and the harvesting methods of bovine fetal 

blood by cardiac or umbilical cord puncture without the refinement of pain avoidance 

raises ethical concerns.29,30  

Stemming from research led by Harry Eagle in the late 1950s, the first partial 

chemically defined media (CDM) was generated as Eagle’s Modified Essential 

Medium (EMEM) containing a mixture of 28 essential metabolites, vitamins, lipids, 

trace metal elements, and a small amount of serum.31 While EMEM still contained 

undefined serum, the formulation serves as the foundation for many future cell culture 

media. One of the first CDM included the serum free media, Ham’s mixture F12, but 

this media was not well-suited for high cell densities.32 To remedy this deficiency, a 

combination of Ham’s F12 and Dulbecco’s Modified Eagle Medium (DMEM), which 

contained increased concentrations of amino acids and vitamins compared to EMEM, 

gave way to DMEM/F12, which still carried traces of serum. The first major step 

towards an effective CDM without serum was finally achieved in 1976 when Hayashi 

Murakami’s team identified four critical additives necessary for the replacement of 

serum in CDM: insulin, transferrin, ethanolamine, and selenium.33 Following this 
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study, researchers pursued extensive work with media component optimization efforts 

supporting higher cell densities, viability, and recombinant protein production. Similar 

to cell line development breakthroughs, many companies in the biopharmaceutical 

industry have used their extensive resources to further optimize basal and feed media 

combinations specifically for individual recombinant CHO manufacturing processes. 

These commercial formulations are proprietary, limiting the ability of academic 

researchers to match industrial cell line performance and conduct holistic root cause 

analysis studies around media components. An established open-source high 

performance media with performance similar to that of commercial manufacturing 

would ease the transferability of research between industry and academics.  

1.3 Advancing MAb Production Within CHO Processes 

MAbs are involved in a variety of health-related therapies and critical 

treatment of rare human diseases. As a result, there is considerably high demand for 

their production, with companies targeting cost-effective methods where profit is 

optimized. The manufacture of many mAb biosimilars such as InflectraTM and 

RemsimaTM, which are the first of their kind, has increased industrial manufacturing 

competition.8,10,34 This market competition has further increased the necessity for 

optimized production processes with moderate costs. In order to achieve cost 

reduction in mAb production, studies have focused on increasing productivity, which 

fall into two categories, volumetric productivity or cell-specific productivity.  

Volumetric productivity refers to the amount of mAb present in a specific 

volume of culture fluid. Researchers measure this concentration-based mAb 

production known as titer in units of g/L or mg/L. Advances in volumetric 

productivity in CHO mAb production heavily rely on process optimization methods in 
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which researchers can support high cell densities and culture longevity. As discussed 

in the previous section, media optimization is one example of a strategy for improving 

volumetric productivity. Other methods for improving volumetric productivity involve 

cell engineering strategies and bio-processing approaches. Biological processes such 

as fed-batch cultures with optimized nutrient feeds support high cell densities and 

allow cells to remain healthy significantly longer than under batch conditions. 

Optimized process parameters for cultures in shake flasks such as agitation speed can 

maximize oxygen uptake rates (OURs) necessary to promote robust, high-density 

cultures. Likewise, cell engineering around apoptosis and cellular metabolic systems 

have been applied to increase volumetric productivity.35 Apoptosis is defined as 

programmed cell death in response to extracellular and intracellular signals, which 

includes nutrient limitation, hypoxia, hypertonicity, pH, and increased protein 

synthesis load via the unfolded protein response. As low cell viability is an 

undesirable event, many studies have sought to genetically modify cells to resist 

apoptosis induction by targeting genes of the BCL-2 family proteins. Studies 

overexpressing negative regulator apoptosis genes such as BCL-2, MCL-1, BCL 

and/or simultaneous knockout of positive regulator apoptosis genes such as BAK and 

BAX have increased late culture viabilities and cell densities, resulting in higher 

volumetric productivities.36,37   

Specific productivity is the amount of mAb production by an individual cell 

over time and is typically measured in units of pg/cell/day. Within the CHO 

community, external and internal induced strategies have been employed to increase 

specific productivity, including mild hypothermia. In literature, this strategy reduces 

growth rate, increases culture longevity, and therefore increases specific productivity. 
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For example, specific productivity was increased up to 4-fold by shifting culture 

temperature from 37oC to 33oC.38 Similar to methods for increasing volumetric 

productivity, genetic manipulation has been applied to increase specific productivity 

with the focus on genes related to internal cellular bottlenecks for mAb production. 

Common bottlenecks CHO cells experience during mAb production typically involve 

protein synthesis, folding, and secretion steps. Over-expressing the X-box binding 

protein 1, XBP-1, has demonstrated increased productivity by up to 60% as XBP-1 

positively promotes the unfolded protein response (UPR) to counteract endoplasmic 

reticulum (ER) stress.39,40 Like XBP-1, other studies have revealed the overexpression 

of B-lymphocyte-induced maturation protein 1, Blimp1, increased specific 

productivity and reduced severe or prolonged ER stress.41,42 Likewise, another recent 

study demonstrated 3-fold increase in specific productivity by over-expressing 

Blimp1, which also helps in activating the UPR system while promoting metabolic 

profiles favorable to energy production.40,41 Other strategies for increasing specific 

productivity involve cell cycle arrest and small molecule culture additives. The cell 

cycle comprises four phases, G0/G1, S, G2, and M, which are tightly controlled by 

cell cycle checkpoint regulators, cyclin-dependent kinases (CDKs).43 By engineering 

CHO cells to overexpress the p21 CIP1 cyclin-dependent kinase inhibitor, cell cycle 

arrest was achieved in the G0/G1 phase, leading to increases in specific 

productivity.43,44 While genetic modifications have proven useful for increasing 

specific productivity, clone to clone variability may exist even when using the same 

cell line, expression vector, and expressing mAb, which has led to the reemergence of 

inducible small molecules into cell culture.45 The advantages of introducing small 

molecules to cell culture for increase of specific productivity include their ease of 
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integration and potential impact controllability from concentration optimization. Some 

notable small-molecule productivity enhancers include carboxylated compounds, non-

carboxylated acetamides, and hydroxamic acids such as dimethylsulfoxide (DMSO).  

1.4 Histone Deacetylase Inhibition as a MAb Production Enhancer 

One of the most commonly used groups of small-molecule additives that 

enhance productivity is histone deacetylase inhibitors (HDACis). HDACis are diverse 

molecules that act as epigenetic modulators that affect proliferation, apoptosis, 

differentiation, cell cycle arrest, and gene expression of mammalian cells through their 

inhibition of histone deacetylases (HDACs).46  

1.4.1 Classification of HDACs 

HDACs are a family of epigenetic enzymes found in bacteria, fungi, plants, 

and mammals that play a key role in regulating histone tail ionic charge, chromatin 

conformation, protein-DNA interaction, transcription factors, and expression levels 

within the cell.47 Basic chromatin structure consists of a nucleosome, which is a 146-

base pair (bp) deoxyribonucleic acid (DNA) wrapped around an octamer of four core 

histones (two H2A-H2B dimers and a H3-H4 tetramer).48 On these histones are lysine 

(K) amino acid residues, also known as tails, which can carry an acetyl group. HDAC 

enzymes remove the acetyl group from the histone lysine residue (51). 

Currently, 18 mammalian HDACs have been identified, with each being the 

respective product of an individual gene. Each HDAC is classified into four classes 

(Class I, II, III, and IV) based on homology to yeast HDAC counterparts.49 Class I 

HDACs include HDAC1, 2, 3, and 8 and relate to the yeast transcriptional regulator 

RPD3 deacetylase. This class of HDAC shares the trait of high homology in their 
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catalytic sites and are primarily in the nucleus.50,51 Class II HDACs relate to another 

yeast transcriptional regulator gene, Hda1, and divide into two subsets (IIa and IIb) 

according to their domain compositions.52 HDACs 4, 5, 7 and 9 classify as class IIa 

while HDACs 6 and 10 belong to class IIb.52 The location of Class II HDACs is 

primarily the cytoplasm, although they can migrate to and from the nucleus.49 Class III 

HDACs are related to the yeast gene, Sir2, and include sirtuins (SIRT1-7), which are a 

family of signaling proteins involved in metabolic regulation. These Class III HDACs, 

sirtuins, are nicotinamide adenine dinucleotide (NAD+) dependent proteins and have a 

different catalytic mechanism of action compared to the other 3 classes of HDAC.49,50 

Regarding class IV HDACs, there is only one known, HDAC11. The binding and 

substrate targets of HDAC11 have not been clearly defined to date.46 Collectively, 

HDAC classes I, II, and IV are classical HDACs. Classical HDACs are zinc (Zn2+) 

dependent metalloproteins that harbor a catalytic pocket with a Zn2+ ion at its base that 

Zn2+ chelating compounds can inhibit.53  

1.4.2 Acetylation and Mechanism of HDACi 

Acetylation is one of the major PTMs in eukaryotes, in which the acetyl group 

from acetyl coenzyme A (Ac-CoA) transfers to a specific site on a polypeptide 

chain.54 This epigenetic modification changes chromatin architecture and regulates 

gene expression, in addition to playing an essential role in cell cycle progression and 

differentiation.55 Within eukaryotic cells, the reversible activities of histone 

acetyltransferases (HATs) and HDAC enzymes balance levels of acetylation on core 

histones.56,57 Resting cells, in which protein production is off, have DNA that is tightly 

compacted and bound to the histone to prevent access of transcription factors. This 

orientation of the DNA and chromatin results from HDACs removing the acetyl group 
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from histone lysine residues, leaving a positively charged histone protein to bind 

tightly to negatively charged DNA.50 Decreased levels of histone acetylation are 

known as hypo-acetylation and are associated with low transcriptional activity and 

repressed gene expression.49 During gene transcription activation, inaccessible DNA 

on the histone is made available to transcription factors through acetylation of the 

histone lysine residues by the HAT enzyme. This action by the HAT enzyme 

neutralizes the positive charge of the histone, thus weakening or removing the ionic 

bond between it and the negatively charged DNA. The overall outcome of increased 

levels of histone acetylation is known as hyper-acetylation and is associated with 

increased transcriptional activity and expression.  Classical HDACs (class I, II, and 

IV) require a Zn2+ ion and share a similar catalytic core for enzymatic activity, 

including acetyl-lysine hydrolysis. Due to this Zn2+ dependent nature, most HDAC 

inhibitors can suppress the intrinsic activity of HDACs when they bind and occupy the 

catalytic core of the zinc-binding site.58 With inhibition of HDACs, the action of HAT 

enzymes balances the flux of histone acetylation, resulting in hyper-acetylation and 

the chromatin being in a more relaxed, loosened state for increased expression.  

1.4.3 Diverse Application of HDACi 

HDACi classification is based on the chemical structures of their Zn2+ binding 

group and subgroups include hydroxamic acids, short-chain fatty acids, cyclic 

tetrapeptides, benzamides, and aliphatic acids.49 Within industrial and academic 

research, researchers use HDACis in a variety of applications. Some of the earliest 

uses of HDACis explore their effectiveness as potential oncological treatments. Gene 

expression studies of cancerous tumor cells have associated HDAC enzyme 

overexpression with most cancer variations and determined that overexpression of 
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HDACs is responsible for tumor suppressor gene silencing and activation of proto-

oncogenes to oncogenes.59 Continued development of the use of these small molecules 

in cancer treatments has given way to multiple FDA approved HDACis such as 

VorinostatTM (SAHA) and RomidepsinTM (FK228), with many others approved for 

clinical trial phases.60 Beyond oncological studies, HDACi use for other applications 

ranges from treating cardiovascular disease to increasing protein expression.  

Within the cell culture field, HDACis were identified as effective recombinant 

mAb production enhancers.61–63 Three prevalent small molecule HDACis studied are 

sodium butyrate (NaBu), valproic acid, and valeric acid. All three HDACis are 

variations of short-chain fatty acids that target classical HDACs. Experimental 

treatment with sodium butyrate (NaBu) or valproic acid, using cell line-specific 

optimal concentrations, have reported 1.1 to 4-fold specific productivity increases, 

respectively.61–63 However, this increase in specific productivity comes with lower 

viable cell density (VCD), which is not ideal for increasing overall titer production.64 

This harmful effect results from the induction of apoptosis caused by HDAC inhibitors 

as they indiscriminately increase gene expression globally throughout the chromatin, 

including some involved in programmed cell death.64 However, most of the previous 

studies use low producing (0.5-60 mg/L) cells which, which as previously mentioned, 

may behave differently than industrially relevant, high producing cells.16,61–63 This is a 

substantial issue that poses serious uncertainty in the comparability of results, as even 

two low mAb-producing CHO cell lines with titers of 0.66 mg/L and 0.38 mg/L 

demonstrated fold increases in titer of 3.18 and 2.63 respectively, under similar 2 mM 

treatment with NaBu.61 With a small 0.3 mg/L difference in titer, a change greater than 

200% was observed which at the g/L scale may not translate. Thus, it is important to 
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have a high producing reference cell line for academic researchers to conduct studies 

on to increase industrial applicability.  

1.5 Glycoslation and its Quality Impact 

1.5.1 Glycosylation Importance in Biomanufacturing 

One advantage of using CHO cells for recombinant mAb production is the 

inherent ability to achieve glycosylation profiles most similar to humans. While the 

intrinsic PTM of CHO cells is the foundation of acquiring desired mAb glycosylation 

profiles compatible with human biologic systems, the final targeted glycoform profile 

is characterized by several critical quality attributes (CQAs). These CQAs are also 

important in adhering to FDA requirements and maximizing the benefit to patients. 

These biopharmaceutical CQAs include measurements of the product that impacts the 

pharmacokinetics, cytotoxicity, immunogenicity, half-life, efficacy, and safety of the 

mAb. Considering the potential impact of each CQA, there is significant value in 

understanding, evaluating, and modulating glycosylation profiles during the mAb 

production process to gain desirable traits, especially when introducing novel 

productivity enhancing molecules into the manufacturing processes.  

1.5.2 Glycosylation (N-Glycosylation) Overview 

Therapeutic mAbs are typically IgG where human IgGs are glycoproteins 

containing four polypeptide chains, two identical heavy chains (H) and two identical 

light chains (L). Covalent disulfide bonds and non-covalent associations pair together 

the assembly of the light and heavy, with each heavy chain connected to a light chain 

via a single disulfide bond.65 Each bonded antibody structure forms three globular 

domain moieties in a ‘Y’ shape, with the upper two symmetrical fragments forming 
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the fragment antigen-specific binding (Fab) domains and the lower fragment forming 

the fragment crystallizable (Fc) domain.66 The Fab domain allows antibodies to bind 

to specific antigens while the Fc domain allows the antibody to bind to Fcg receptors 

of multiple cell types to initiate effector function mechanisms.  

Glycosylation is the attachment of a carbohydrate, such as an oligosaccharide 

known as a glycan, to another organic molecule’s functional group, usually an amino 

acid residue. There are several types of glycosylation, including N-linked, O-linked, 

C-linked, and S-linked glycosylation. This thesis is focused on N-liked glycosylation 

when glycosylation is referenced. The other types of glycosylation are extensively 

reviewed elsewhere.67–69 N-linked glycosylation occurs on IgG molecules at the 

conserved asparagine (Asn) at position 297 (Asn297) in the heavy chain of the CH2 

constant domain of the Fc region. This enzyme-directed chemical reaction starts in the 

endoplasmic reticulum (ER) of the cell, followed by addition and initial trimming of 

an oligosaccharide at the Asn297 site. The subsequent reactions occur in the Golgi 

apparatus of the cell, in which the oligosaccharide undergoes further trimming and 

glycan sugar additions via enzymatic transferases.70 While oligosaccharides usually 

represent only 3% of the overall mass of an IgG, their specific glycoform plays an 

essential role in Fc effector functions as alterations cause conformational changes of 

the Fc domain and affect binding affinity to Fcg receptors. 

1.5.3 IgG Glycan Structures and Biosynthesis 

Structurally, most human serum IgGs possess primarily bi-antennary 

glycoforms with a trimannosyl core. Stemming from this core bi-antennary complex 

structure, additional sugar residues (glycans) such as fucose (attached to the innermost 

GlcNAc), bisecting N-acetylglucosamine (GlcNAc), galactose, and N-
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acetylneuraminic acid (Neu5Ac, also known as sialic acid) can link to the structure. 

The additions of these glycan sugar residues generate heterogeneity within the 

distribution of IgG-Fc glycans stemming from a normal polyclonal IgG. These 

heterogeneous glycans classify into three primary sets based on the number of 

galactose species in the outer arms of the bi-antennary glycans. These sets include 

G0/A2, G1/A2G1, and G2/A2G2. Variations of these glycan species can exist based 

on the presence or absence of core fucose and terminal sialic acid residues.  

1.5.4 Glycosylation Impact on MAb CQAs 

The size, structure, and composition of the N-glycosylation produced 

oligosaccharide attached to the IgG can have an immense impact on essential immune 

effector functions. Antibody effector functions are an important part of the humoral 

immune response and form an essential link between innate and adaptive immunity.71 

Important effector functions affected by glycosylation include anti-inflammatory 

response, circulatory half-life, antibody-dependent cellular cytotoxicity (ADCC), and 

complement-dependent cytotoxicity (CDC).65 These functions are triggered by the 

formation of antibody-antigen complexes, which are subsequently recognized by Fcg 

receptors.72 One of the most important effector functions is ADCC, which triggers 

apoptosis of antibody-coated targeted cells, such as those of pathogens, by natural 

killer (NK) and other effector response cells. CDC is another important function 

involved in confronting bound targets of antibodies. During CDC, the complement 

component 1q (C1q) protein complex interacts with antibodies bound to the pathogen 

surface. This interaction then facilitates the opsonization and phagocytosis of 

pathogens by forming the membrane attack complex to induce osmotic lysis of 

pathogen cells.73 Given these critical functions such as ADCC and CDC are impacted 
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by slight variations in glycosylation profiles, understanding and controlling 

glycosylation is important to improve mAb efficacy and safety. 

1.6 Contents and Modulation of Glycosylation Profiles 

Understanding how to modulate and control glycosylation profiles remains a 

significant focus in the production of therapeutic mAbs. Toward this goal, many 

glycoengineering strategies aimed at altering glycosylation contents including 

fucosylation, galactosylation, and sialylation have been studied.   

1.6.1 Fucosylation 

Fucosylation, the addition of core fucose sugar residues to the Fc 

oligosaccharide chain, inversely relates to ADCC activity. ADCC is enhanced when 

the antibody N-linked glycans lack core fucose, allowing improved affinity between 

Fc and Fcg receptors.74,75 In some cases, defucosylated antibodies have showed greater 

than 100-fold higher ADCC activity over their wild-type fucosylated counterparts.76 

Within CHO cells, the FUT8 gene encodes a1,6-fucosylatransferase, which catalyzes 

the transfer of fucose residues from the donor sugar, guanosine diphosphate-fucose 

(GDP-Fuc), to the inner GlcNAc residue of the N-oligosaccharide chain.77 

Considering this, strategies for reducing fucosylation have included reduced 

expression levels or knockout of the FUT8 gene by silencing via small interfering 

RNA (siRNA) methods.74,78 Another strategy includes the overexpression of b-1, 4-N-

acetylglucosaminyltransferase III (GnTIII), which is an enzyme that adds a bisecting 

GlcNAc residue to the N-oligosaccharide.79 The addition of bisecting GlcNAc results 

in a reduction of core fucose based on several studies, as the resulting steric hindrance 

inhibits fucosylation during the N-glycan biosynthetic pathway.80,81  
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1.6.2 Galactosylation 

Galactosylation is the addition of terminal galactose sugar residues to the outer 

GlcNAc of the Fc oligosaccharide chain. Within CHO cells, the GalT-I gene encodes 

b-1, 4-galactosyltransferase, which catalyzes the transfer of galactose residues from 

the donor sugar, uridine diphosphate-galactose (UDP-Gal). IgGs produced in CHO are 

frequently undergalactosylated, with higher levels of G0 or G0F compared with the 

IgGs produced from other mammalian species such as mice and humans.80,82 

Galactose content has affected CDC and ADCC to a lesser or minimal extent.83,84 For 

instance, in the production of the IgG product RituxanTM, an increase in terminal Gal 

content was associated with an increase in CDC activity because of increased antibody 

binding to C1q.85 Regarding ADCC, recent studies contradict previous studies, 

revealing that Fc terminal galactose content improves the binding affinity of the IgG 

Fc and Fcg receptors leading to increased ADCC activity.86,87 Although studies have 

found that increased galactosylation induced ADCC enhancement, its impact on 

ADCC is not as robust as that influenced by a reduction of fucosylation levels.86 

Glycoengineering strategies for increasing galactosylation have included 

overexpression of GalT-I via CRISPR-Cas9 and other expression enhancing vector 

designs.82,88  

1.6.3 Sialylation  

Sialylation is the addition of terminal sialic acid residues to the outer galactose 

of the Fc oligosaccharide chain. Within CHO cells, sialic acid transferases such as a2, 

6-sialyltransferase (a2, 6-siaT) catalyze the transfer of sialic acid from the donor 

sugar, cytidine 5’-monophosphate (CMP-sialic acid). Increased terminal sialylation 

has had both positive and negative effects on antibody effector functions. Primarily, 
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increased sialic acid content is associated with increased half-life as sialic acid can 

shield galactose residues from removal in blood circulation through endocytosis-

mediated uptake directed by asialoglycoprotein receptors on hepatocytes.65,66,73,89 

Researchers have proposed that Fc sialylation via a2, 6-siaT acts as a switch for the 

anti-inflammatory activity observed for human IVIg.89,90 Alternatively, increased Fc 

sialylation of IgGs has been observed to negatively affect antibody binding to Fcg 

receptors, resulting in decreased ADCC although there have been varying reported 

outcomes with some studies finding Fc sialylation has no impact on ADCC activity of 

IgG1 antibodies.91–94 Glycoengineering strategies to increase sialylation have included 

overexpression and increased activity of sialyltransferases, as well as introducing an 

endogenous CHO transferase (ST6GAL1) gene in the CHO cell line.65,95,96 

1.6.4 Modifying Glycosylation Profiles  

Besides improving cost efficiency of mAb production, acquiring desirable 

therapeutic properties, and maintaining reasonable safety standards for patients, 

glycosylation profiles are also important in the approval of biosimilars. Under the 

FDA, glycosylation profiles of biosimilars are required to match with the original 

mAb product even though manufacturers typically do not have access to the same host 

cell line or biological process design. The lack of access to these resources introduces 

variability that often alters the mAb glycosylation profile, having a greater impact on 

the CQAs surrounding the efficacy and safety of the biosimilar mAb. Modulation of 

glycosylation through media additives such as chemical inhibitors, trace metals, and 

substrate sugar nucleotides provides a valuable tool to streamline process development 

while potentially providing a quick, cost-efficient strategy to fine-tune glycosylation 

profiles to desired targets. 
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As mentioned above, silencing or knockout of FUT8 can reduce core fucose 

content and improve ADCC. However, the use of siRNA may cause unpredictable off-

target effects that may be impractical at the manufacturing level. Genetic engineering 

such as knocking out FUT8 can be costly as extensive cell line process development 

and large-scale clone screening are required to obtain clones with highly similar 

product quality attributes.65,74 For these reasons, the use of sugar substrates such as 

fucose and chemical inhibitors such as novel 2-F-peracetyl fucose (2FP) have been 

targeted for their ease of use and potential to manipulate levels of fucosylation. For 

instance, 2FP supplementation lowers fucosylation in mAbs by up to 75% by 

inhibiting FUT8.97–100 Mechanistically, 2FP is a fucose derivative that is taken up and 

metabolically transformed into a GDP-fucose mimetic that is not transferable by 

FUT8, leading to its inhibition and decrease in overall fucosylated mAbs. Similarly, 

for the overexpression of genes involved in galactosylation and sialylation, genetic 

manipulations can have unpredictable off-target effects and introduction of enhancer 

elements into the transgene vector can require costly, development processing time. 

To counter these potential issues, trace metals ratios and sugar nucleotides that act as 

substrates have been investigated as supplements to edit galactosylation and 

sialylation with varying degrees of success based on the cell line and media used. The 

addition of galactose, which is a precursor substrate for UDP-Gal, to media cultures 

increases overall antibody galactosylation and to a lesser extent sialylation.99,100 The 

supplementation of manNAc, which is a precursor substrate for CMP-sialic acid, to 

cell culture increases sialylation. Both galactose and manNAc as sugar nucleotide 

precursors are inherently involved in cell metabolism and do not require rigorous 

additional testing under FDA regulation, contributing to their ease of implementation. 
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A complete understanding of supplementation strategies for beneficially changing 

glycosylation is still far removed as variability stems from cell lines, differentiations 

of media nutrients, and time points of induction, which begs the need to characterize 

the effects of additives such as 2FP, galactose, and manNAc for specific biological 

processes.   

1.7 Project Goals 

The goal of this research was to expand knowledge in biopharmaceutical 

development with a focus on characterization and modulation of media conditions for 

industrially relevant CHO cells. Work towards this goal involved the establishment 

and characterization of two high-producing reference CHO cell lines with industrially 

relevant performance characteristics to help bridge the gap and improve applicability 

of academic studies to industrial processes. Further work involved conducting initial 

foundational studies using the VRC01 reference cell line that focused on mAb 

production and glycosylation improvements. This project pursued the following three 

specific aims to accomplish these efforts: 

1.7.1 Aim 1: Characterize High-Producing VRC01 and GS23 CHO Cell Lines 

This work developed and characterized two reference CHO cell lines, VRC01 

and GS23, which each produced a model mAb, across two research laboratories. Fed-

batch cultivation data from shake flask and scaled-down bioreactors are presented in 

Chapter 2. Using productivity as the primary attribute, the two academic sites aligned 

with tight reproducibility at each site and across locations to show effective 

technology transfer as evident by repeatable growth and production. Further, a 

chemically defined media formulation was developed and evaluated at both locations.  
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1.7.2 Aim 2: Evaluate and Gain Insigh into the Impact of HDACi on the VRC01 
Reference Cell Line 

Chapter 3 describes experiments quantifying the titer and glycosylation effects 

of the HDAC inhibitor, sodium butyrate, on the VRC01 expressing reference cell line. 

Within this chapter, the development of a VRC01 clone platform is described in which 

multiple clonal cell lines express differential titers of mAb. Using this platform, the 

impact of sodium butyrate as a productivity enhancer was evaluated in relationship to 

mAb production levels. We demonstrate HDAC inhibition can safely be conducted 

with no adverse impact on product quality when using systematic optimization. 

However, HDAC inhibition did not enhance titer for this VRC01 platform.  This may 

be due to the impacts of various transcriptional and secretory capacities. Furthermore, 

we characterized growth, production, and glycan distributions of VRC01 platform 

clones and demonstrate that clonal variations should be taken into consideration 

during early cell line development to ensure desired target product quality profiles are 

achieved. 

1.7.3 Aim 3: Evaluate Media Additive Strategies for Influencing the 
Glycosylation Profile of the VRC01 Reference Cell Line 

In Chapter 4, media additives were evaluated to determine their influence on 

the glycosylation profile of the VRC01 cell line. A factorial experimental design was 

employed with three media additives (2FP, galactose, and manNAc) supplemented at 

two concentrations and three time points (day 0, 4, and 8) of a fed-batch process. The 

results shown in Chapter 4 showed which supplements are effective in altering 

fucosylation, galactosylation, and sialylation but also enabled study of optimal time 

and concentration conditions for efficient biomanufacturing processes.  Finally, in 
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Chapter 5, we discuss future work that would complement or build upon the research 

conducted for this thesis.  
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GENERATION OF REFERENCE CELL LINES, MEDIA, AND A PROCESS 
PLATFORM FOR CHO CELL BIOMANUFACTURING  

2.1 Preface 

This chapter is adapted with permission (see Appendix D) from: Cordova, L. 

T., Dahodwala, H., Elliott, K. S., Baik, J., Odenewelder, D. C., Nmagu, D., Skelton, 

B. A., Uy, L., Klaubert, S. R., Synoground, B. F., Chitwood, D. G., Dhara, V. G., 

Naik, H. M., Morris, C. S., Yoon, S., Betenbaugh, M., Coffman, J., Swartzwelder, F., 

Gillmeister, M. P., Harcum, S. W., Lee, K. H. “Generation of Reference Cell Lines, 

Media, and a Process Platform for CHO Cell Biomanufacturing.” Biotechnology and 

Bioengineering, 1-11, 2022. 
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funding necessary for this project. This work was supported in part by the National 

Science Foundation (Grants 1624641, 1624698, 1624684, 1624718, and 1736123). 

This work was also supported, in part, by financial assistance award 70NANB17H002 

from U.S. Department of Commerce, National Institute of Standards and Technology.  
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2.2 Abstract 

Due to the favorable attributes of Chinese hamster ovary (CHO) cells for 

therapeutic proteins and antibodies biomanufacturing, companies generate proprietary 

cells with desirable phenotypes. One key attribute is the ability to stably express multi-

gram per liter titers in chemically defined media. Cell, media, and feed diversity has 

limited community efforts to translate knowledge. Moreover, academic and nonprofit 

researchers generally cannot study “industrially relevant” CHO cells due to limited 

public availability, and the time and knowledge required to generate such cells. To 

address these issues, a university-industrial consortium (Advanced Mammalian 

Biomanufacturing Innovation Center, AMBIC) has developed two CHO “reference 

cell lines” from different lineages that express monoclonal antibodies. These reference 

cell lines have relevant production titers, key performance outcomes confirmed by 

multiple laboratories, and a detailed technology transfer protocol. In commercial 

media, titers over 2 g/L are reached. Fed-batch cultivation data from shake flask and 

scaled-down bioreactors is presented. Using productivity as the primary attribute, two 

academic sites aligned with tight reproducibility at each site. Further, a chemically 

defined media formulation was developed and evaluated in parallel to the commercial 

media. The goal of this work is to provide a universal, industrially relevant CHO 

culture platform to accelerate biomanufacturing innovation. 

2.3 Keywords 

Biopharmaceuticals, CHO cell, monoclonal antibodies, titer, chemically 

defined media 
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2.4 Introduction 

Chinese hamster ovary (CHO) cell lines have been preferentially used to 

produce recombinant therapeutics and are used for manufacturing approximately 70% 

of all recombinant biopharmaceutical proteins and monoclonal antibodies (mAbs) 

approved since 2016.101 A key step to developing such medicines is the development 

of stable and high productivity cell lines, and the use of robust and reliable 

manufacturing processes. CHO cells have been commonly used in the industry 

because these cell lines are easy to transfect, have been adapted to perform well at 

commercial manufacturing scale, have rapid growth rates, and can perform human-

compatible post-translational modifications. The culmination of advances in cell line, 

media, and process development over the past 30 years has led to upstream processes 

with titers as high as 13 g/L in fed-batch production.14,17 As many of these advances 

have commercial value for the originator companies, CHO cells, along with the media 

and process conditions, are highly proprietary in nature. Companies continue to invest 

significant resources to develop host cells as part of their platform processes, in 

addition to custom media and feed blends necessary to ensure robust, reliable, and 

productive platforms. Meanwhile, academic, and nonprofit researchers often do not 

have access to high-producing cell lines, the proprietary knowledge, nor advanced 

automation resources, to generate cells with similar performance characteristics. As a 

result, the scientific discoveries made by these researchers using relatively low-

producing cells (e.g., < 1 g/L) may not translate well to industrially relevant cell lines. 

Another consideration is that students working in an academic environment do not 

gain critical experience working with cells capable of growing at high cell densities 

and with high productivities, which impacts workforce development for the sector.  
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Through an industry-university cooperative research center (IUCRC), funded 

by the U.S. National Science Foundation, known as the Advanced Mammalian 

Biomanufacturing Innovation Center (AMBIC), comprised of five universities and 

more than 25 companies, we developed an upstream process for the growth and 

production of antibodies using two reference cell lines on chemically defined media. 

The production characteristics of these cells are described with the intent that these 

cells would be available to the broad research community for non-commercial use to 

advance the field and the specification of a chemically defined media is intended to 

catalyze broad-based understanding of medium development activities for the 

community. We demonstrated repeatable growth and production using these cells in 

shake flasks and scale-down bioreactor systems at two different academic laboratories 

to ensure that the process technology can be transferred effectively. This work seeks to 

harmonize the field and provide standard datasets for comparison across academic and 

industry research sites for CHO cell biomanufacturing.   

2.5 Materials and Methods 

2.5.1 Cell Lines and Commercial Media 

            To address the need for CHO reference cell lines that demonstrate industrially 

relevant growth and productivity, two mAb production cell lines were used in this 

study. A CHO K1-derived cell line expressing the VRC01 monoclonal antibody 

(Clone A11) was generously donated from the Vaccine Production Program 

Laboratory at the National Institute of Health (NIH) and is noted as “VRC01” 

throughout the text. A second CHO GS knockout cell line (developed using the 

CHOZN® platform), noted as GS23, was shared by MilliporeSigma (MilliporeSigma, 
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2020; SAFC). Commercial media used in this work was ActiPro paired with the 

CellBoost 7a/7b feed (Cytiva, Catalog no. SH31039.02, SH31026.07, and 

SH31027.01) for the VRC01 cell line and EX-CELL Advanced CHO Fed-batch 

Media with CHO Feed 1 (MilliporeSigma, Catalog no. 14366C, 24368C) for the GS23 

cell line. Glutamine was supplemented at 6 mM for all VRC01 cultures. Data from 

these studies were generated at Clemson University and the University of Delaware. 

Product information for all supplies and materials used in this work are listed in 

Appendix Table A.1.  

2.5.2 Media Development and Adaptation 

To address the need for universal CHO reference media that is animal origin 

free, a new chemically defined media formulation was generated as part of this work 

and other ongoing projects within AMBIC. Companies collaborated to generate a set 

of unoptimized media and feed formulations that were generally representative of 

those used by the industry, which is termed “AMBIC 1.0” (for media and feed). For 

relevant studies, cells were directly adapted to AMBIC 1.0 formulations until high cell 

viability (greater than 95%) was achieved. Cells were initially seeded at 0.5 million 

cells per mL in AMBIC 1.0 and passaged every 3-4 days for 30 days until viability 

greater than 95% was observed for 3 consecutive passages. The formulation for 

AMBIC 1.0 media and feeds is provided in the Supplementary Information. 

2.5.3 Culture Conditions in Shake Flasks 

As an initial process validation, fed-batch shake flask studies were performed 

in 125 mL flasks with a working volume of 30 mL. The feeding schedule is shown in 

Table 2.1. At Site A, the glucose concentration was determined daily, and a bolus 
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glucose feed was added to reach the target after the addition based on the target values 

listed in Table 2.1. At Site B, a glucose bolus was provided daily or every other day in 

alignment with the feed schedule (100 µL for VRC01, 150 µL for GS23). Samples 

were collected daily (after day 3) for viable cell density, titer, and glucose/lactose 

assessment. At Site A, a 5% CO2 incubator with an orbital shaker (VWR Advanced 

3500) was used for shake flask cultures at 135 rotations per minute (rpm) with a 0.75-

inch throw diameter. At Site B, a Multitron (InforsHT) shaking incubator that 

maintained 5% CO2 and 80% relative humidity (RH) was used at 135 rpm with a 1-

inch throw diameter.  
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Table 2.1: Feeding schemes and culture conditions for shake flask and bioreactors 
for two reference cell lines using two media types. Seed densities and 
feeding schedules were the same for shake flasks and bioreactors. The 
shake flask glucose additions are described in the Materials and Method 
section. For the bioreactors, pH and DO were also controlled online.  

Cell Line VRC01 GS23 

Media  

ActiPro with 

CellBoost 7a 

(7b)  

AMBIC 1.0 

EX-CELL 

Advanced 

CHO Fed-

batch 

AMBIC 1.0 

Seed densities 

(x 106 cells) 
0.4 0.5 0.4 0.5 

Feeding 

schedule 

Pyramid feed 

strategy: Daily: 

 3% (0.3%), 4% 

(0.4%), 5% 

(0.5%) 

Daily: 

3% (0.3%)  

(Site A)  

Daily: 

3.3% (0.33%) 

(Site B) 

5% every 

other day 

 5% every 

other day 

Online pH 

setpoint 
6.9 

7.2 - 7.4 for 24 hours, then 

7.0 - 7.2 

Online 

dissolved 

oxygen (DO) 

setpoint (%) 

50 30 

Online 

Glucose 

setpoint (g/L) 

6.0, then 9.0 

(after day 5) 
5.0 6.0 5.0 
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2.5.4 Culture Conditions in Bioreactors 

The ambr250 HT 12-way bioreactor system (Sartorius) was used for small-

scale bioreactor studies at both sites. Key online parameters for the bioreactor cultures 

are shown in Table 2.1 (pH, temperature, dissolved oxygen (DO), seeding density, and 

feed concentrations). Prior to inoculation in the bioreactors, all cell lines were grown 

in shake flasks for a minimum of three passages after thaw to ensure viability 

exceeded 95% prior to bioreactor inoculation. For the VRC01 cell line, pH was set via 

a dead band to 6.9 ± 0.1 with 50% DO. The PID setting for the DO used a sequence of 

manipulated variables and PID values. These values are described in Harcum et al., 

2022 as the third tuning final values.102  

In ActiPro media, a previously optimized pyramid feed strategy was utilized 

(based on the suggestion of the cell line originator). Cell Boost 7a was provided at a 

feed ratio of 3% culture volume on days 3 - 5, 4% on days 6 - 7, and 5% feed ratio on 

days 8 - 9. After this peak in feed content, the feed ratio stepped down 1% every 48 

hours (4% on day 10-11, 3% on day 12-14). Cell Boost 7b was provided daily at one-

tenth the volume of Cell Boost 7a. For the VRC01 cell line grown in AMBIC 1.0 

media, a single feed was provided at daily 3.0% at site A and 3.3% site B. 

For the GS23 cell line, pH was set to 7.2 – 7.4 for the first 24 hours, followed 

by a shift down to 7.0 – 7.2 (as recommended by MilliporeSigma). For all GS23 

cultures, a 5% feed was provided every other day starting on day 3. Commercial 

media (EX-CELL Advanced Fed-Batch) and AMBIC 1.0 media have a single 

component feed, provided at 5% every other day starting on day 3. A concentrated 

glucose solution (45%) was added daily to achieve the desired setpoints shown in 

Table 2.1 and was calculated based on the daily measured glucose concentration for 
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each bioreactor. Samples were collected daily for viable cell density counts, titer 

quantification, and metabolite monitoring.  

2.5.5 Analytical Measurements 

Viable cell density and cell viability were quantified using a Vi-Cell XR Cell 

Viability Analyzer at both sites. Image analysis parameters for 50 acquired images 

were matched at both sites with the following specifications: 11.5-50.0-micron cell 

diameter, 85% cell brightness, 75% viable cell spot brightness, 5% viable spot area 

and medium decluster degree. For mAb titer quantification from shake flasks, a Cedex 

Bio analyzer (Roche, Mannheim, Germany) was used at Site A and an Octet Red96e 

(Forte Bio) was used with Protein A biosensors at Site B. For bioreactor samples, the 

Octet was used for all titer quantification to align titers across sites. Antibody 

calibrators (Sartorius) were used to generate a standard curve for the Octet with cell 

culture supernatant samples diluted 10-fold with 0.1% bovine serum albumin (BSA) in 

phosphate-buffered saline (PBS) and well mixed prior to analysis. For the Cedex Bio 

analyzer, a test kit for human IgG Bio was used (Roche, Mannheim, Germany) was 

used for mAb titer. The Cedex Bio analyzer was also used for metabolite 

quantification (glucose, lactate, glutamine, glutamate, and ammonia) with an auto-

dilution feature for samples as needed at Site A. The reagent kits for these 

measurements are shown in Appendix Table A.1. Osmolarity at Site A was 

determined using an OsmoTech PRO Multi-sample Micro-osmometer (Advanced 

Instruments, Norwood, MA). Offline pH, pO2, and pCO2 were quantified with a 

blood-gas analyzer (BGA) ACL70 (Radiometer America, Brea, CA). At Site B, 

metabolites (glucose, lactate, glutamine, glutamate, ammonia, sodium, calcium, and 

potassium) and offline pH, pO2, and pCO2 were monitored using an at-line BioFlex2 
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with corresponding reagent cards and kits (Nova Biomedicals). All reagent cards and 

cartridges were installed according to manufacturer instructions with product numbers 

shown in Appendix Table A.1. Samples were provided to the BioFlex2 using the 

bioreactor liquid handling system with occasional manual sampling. 

2.5.6 Statistical Analysis 

All data are reported as mean ± standard error (SE). To determine statistical 

significance for maximum VCD, maximum titer, and titer productivity between the 

sites, t-tests were used with a threshold of p ≤ 0.05. The web-based software tool 

Graphpad was used to perform the t-tests 

(https://www.graphpad.com/quickcalcs/ttest1/?format=SEM). A second measure of 

consistency between sites was the relative standard error (RSE), where an acceptable 

upper bound of 10% within each site and 20% between sites was specified. These 

criteria were set based on extensive conversations with the industrial members of the 

AMBIC community. These upper limits also align with the general acceptance of 10-

15% variability for cell count data and are within the acceptable 30% RSE as outlined 

by the Center for Disease Control.103,104  

2.6 Results and Discussion 

The VRC01 and GS23 cell lines were studied in both shake flasks and scale-

down bioreactors to assess the reproducibility of growth, metabolite, and production 

titer profiles within a site and across the two sites. The feeding schemes and other 

culture conditions including online bioreactor control setpoints are provided in Table 

2.1. The overall goal was to demonstrate that these cell lines are robust and able to 
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achieve high titers in the commercial and consortium-designed media with consistent 

and reproducible performance.  

2.6.1 Growth Characterization and mAb production in shake flasks 

2.6.1.1 VRC01 Performance in Shake Flasks 

Growth characteristics for the shake flask fed-batch cultures for VCR01 at both 

sites using the commercially available media are shown in Figure 2.1 and Table 2.2. 

Viable cell density (VCD), titer, along with glucose and lactate concentration profiles 

for both cell lines as shown as duplicate cultures at each site in Figure 2.1A-D. The 

VRC01 cell line (Figure 2.1A-D) was cultured in ActiPro with 6 mM glutamine using 

the corresponding Cell Boost 7a and 7b feed system. Cultures were terminated when 

viability dropped below 70%. The observed growth profile shapes are remarkably 

similar between the sites despite the different absolute maximum VCDs. Cultures at 

both sites reached approximately 20 million cells/mL on day 6. The VCD at Site A 

only reached approximately 25 million cells/mL, while the maximum VCD at Site B 

reached 35 million cells/mL (Figure 2.1A). While the same shake speed (135 rpm) 

was used at both sites, the shaker throw diameters was 0.75-inches at Site A and 1-

inch at Site B. The unequal throw diameter likely resulted in lower oxygenation at Site 

A and thus a lower maximum VCD as had been previously observed.105 Despite these 

differences, the VCD, glucose, lactate, and mAb titer profiles across sites (Figures 

2.1B-D) were similar. The cultures at Site A reached a maximum titer of 2.25 g/L (day 

13), while the maximum titer at Site B was 1.94 g/L (day 12-14), demonstrating high 

titers. The glucose profiles were similar across the sites with slightly lower 

concentrations observed at Site A due to the calculated target glucose approach vs a 
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fixed volume, as described in the methods section. At Site B, the pre-determined daily 

bolus of 100 µL glucose was sufficient to maintain glucose levels between 2 and 6 g/L 

until day 9 at Site B. Glucose was fully consumed in cultures at Site A, despite the 

lower observed VCD, likely attributable to less efficient glucose metabolism due to 

lower oxygen levels because of the smaller throw diameter on the shaker.105 The 

lactate concentration profiles were nearly identical, indicating that lactate consumption 

was achieved, which is a desired outcome in industrial settings.106–108 

The growth and production profiles for VRC01 enabled cell-specific 

productivity calculations (Table 2.2) with example plots of titer as a function of the 

integrated viable cell density (IVCD) are shown in Appendix Figure A.1. For Site A 

and B, the cell-specific productivities (qP) were 13.1 ± 0.2 and 10.2 ± 0.6 pg/cell·day. 

Comparison of these values using a t-test indicates the cell-specific productivities were 

significantly different (p ≤ 0.05) (Table 2.2). When the data are compared across the 

sites, the cell-specific productivity is 11.6 ± 0.8 pg/cell·day, yet the RSE was only 

7.3%. This low RSE value indicates consistency across sites for the VRC01 cell line, 

where the site reproducibility was even tighter
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Figure 2.1: Growth characteristic profiles for two cell lines in shake flask fed-batch cultures in respective 
commercial media. VRC01: A) VCD; B) glucose concentration; C) lactate concentration; and D) 
titer. GS23: E) VCD; F) glucose concentration; G) lactate concentration; and H) titer. Site A 
(blue) and Site B (green), n = 2 at each site.  
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Table 2.2: Key metrics for fed-batch shake flask cultures. Data for each site and 
across sites using commercial media are shown. Data reported as means 
± standard error (SE) with relative standard error (RSE) shown.  

 

Site A  

(n = 2) 

Site B  

(n = 2) 

Across Sites  

(n = 4) 

Mean ± SE RSE 
Mean ± 

SE 
RSE Mean ± SE RSE 

VRC01 in ActiPro 

Max VCD 

(x106 cells/mL) 
24.9 ± 0.2 0.80% 33.2 ± 1.9 5.7% 29.1 ± 2.5 8.7% 

Max Titer (g/L) 2.25 ± 0.04 1.6% 1.9 ± 0.1 6.8% 2.1 ± 0.1 5.0% 

qP (pg/cell·day) 13.1 ± 0.2 1.4% 10.2 ± 0.6 5.4% 11.6 ± 0.8 7.3% 

GS23 in EX-CELL Advanced CHO Fed-batch 

Max VCD 

(x106 cells/mL) 
9.94 ± 0.03 0.3% 15.3 ± 0.3 2.0% 12.6 ± 1.6 12% 

Max Titer (g/L) 3.78 ± 0.05 1.2% 
6.35 ± 

0.29 
4.5% 5.06 ± 0.75 15% 

qP (pg/cell·day) 58.65 ± 0.05 0.08% 49.7 ± 0.7 1.3% 54.2 ± 2.6 4.8% 
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2.6.1.2 GS23 Performance in Shake Flasks 

Growth characteristics for the shake flask fed-batch cultures for GS23 at both 

sites using the commercially available media are shown in Figure 2.1E-H and Table 

2.2. VCD and titer, glucose and lactate concentration profiles, for both cell lines as 

shown as duplicate cultures at each site in Figure 2.1E-H. The commercial medium 

(EX-CELL Advanced CHO Fed-batch) was used with a 5% volumetric feed (EX-

CELL Advanced CHO Feed 1) every other day. Glucose was added in parallel to Feed 

1 at 150 µL glucose (45%). The GS23 cultures were terminated when viability 

dropped below 70%. The observed growth profile shapes are similar between the sites 

despite the difference in absolute maximum VCDs. The VCD at Site A reached 

approximately 10 million cells/mL, while Site B reached 15 million cells/mL (Figure 

2.1E). Again, the shaking speed was 135 rpm at both sites with the difference in throw 

diameter and therefore reduced oxygenation likely causing the difference in maximum 

VCDs.  

Despite the differences in maximum VCD between the sites for GS23, the 

other three metrics – glucose, lactate, and titer profiles were similar across the sites 

(Figure 2.1F-H). The pre-determined glucose feeding of 150 µL glucose at Site B 

maintained the glucose concentration above 1 g/L, while the calculated method used at 

Site A resulted in glucose depletion. The lactate profiles were consistent between sites. 

At Site A, the maximum titer of 3.8 g/L was reached on day 10, while the maximum 

titer at Site B was approximately 6.0 g/L (day 14); however, the titers are similar 

between the sites on day 10. The growth and subsequent titer profiles are likely a 

result of the different incubator throws as discussed earlier (Figure 2.1B, F).105  

The growth and titer profiles for GS23 enabled cell-specific productivity 

calculations (Table 2.2) with example plots of titer as a function of the integrated 
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viable cell density (IVCD) shown in Appendix Figure A.1. The cell-specific 

productivities (qP) were 58.6 ± 0.1 and 49.7 ± 0.7 pg/cell·day for Site A and B, 

respectively. Comparison of these values using a t-test indicates the cell-specific 

productivities are significantly different (p ≤ 0.05), due to the high reproducibility of 

replicates at each site (Table 2.2). When the data are compared across the sites, the 

cell-specific productivity is 54.2 ± 2.6 pg/cell·day and has a 4.8% RSE. This low RSE 

value indicates consistency across sites for the GS23 cell line, where site consistency 

was even tighter. 

These analyses of the VRC01 and GS23 cell lines indicate that while the 

results from the two sites were statistically different, the values for cell growth, 

glucose, lactate, titer, and cell-specific productivity have similar outcomes in the 

context of biological processes. These data demonstrate that the cell lines have robust 

growth and consistent cell-specific productivities for the media used for each cell line 

under shake flask conditions. Based on the success of the shake flask protocols, we 

sought to expand characterization to controlled scaled-down bioreactors for the two 

reference cell lines (VRC01 and GS23) in the commercial media and the AMBIC 1.0 

media.  

2.6.2 Bioreactor Fed-Batch Cultivation Using Two Media 

Scaled-down bioreactors were used to characterize fed-batch performance 

across the two cell lines and two media for each cell line. In addition to better DO and 

pH control, the larger volumes (210 mL working volume) allowed for additional 

offline/at-line measurements and gas/liquid flow, such as pH, osmolarity, and pCO2. 

For simplicity, comparisons of key metrics for growth and production profiles are 

shown. Other metabolite and cell viability profiles are presented in Appendix Figures 
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A.2-13. The culture conditions and setpoints for each cell line and media are shown in 

Table 2.1. All cultures were terminated when viability dropped below 70%. At Site A 

(n = 3) and Site B (n = 2) for biological replicates. The maximum VCD, maximum 

titer, number of culture days, and qP were evaluated within a site and across the sites. 

2.6.2.1 VRC01 Performance in Bioreactors 

Growth characteristics for the fed-batch bioreactor cultures for VRC01 at both 

sites using the commercially available media (ActiPro) and AMBIC 1.0 media are 

shown in Figure 2.2. VCD and titers are shown in Figure 2.2, while other metabolite 

profiles can be found in Figures 2.2-2.7. Glucose was added at the same time as the 

feeds to reach target values. In the commercial (ActiPro) media, the maximum VCDs 

were 37.5 and 24.3 million cells/mL at Site A and B, respectively (Figure 2.2A). 

Interestingly, these maximum VCDs are reversed by site when compared to the shake 

flask cultures (Figure 2.1A). The increased IVCD at Site A led to higher titers 

compared to Site B (Table 3.3 and Figure 2.2C) with maximum titers of 1.6 and 1.2 

g/L for Sites A and B, respectively. 

In parallel, VRC01 was cultured in AMBIC 1.0 media (Figure 2.2) and had 

significantly lower growth rates and maximum VCD compared to the ActiPro media. 

Table 3.3 summarizes these key outcomes for the VRC01 cultures in both ActiPro and 

AMBIC 1.0 media. For the four key parameters, maximum VCD, culture duration, 

maximum titer and cell-specific productivity, the cultures across the sites had 

relatively consistent behavior as observed by the RSE values below 20% variation.  

Consistent with the growth curves presented in Figure 2.2, cell viability 

(Appendix Figure A.2) was maintained above 80% for most of the culture duration. In 

all cases, cell viability aligned closely across sites (Appendix Figure A.2). Daily pre-
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feed glucose readings indicated lower concentrations for Site A in ActiPro media 

(Appendix Figure A.3) with similar behavior for AMBIC 1.0 media (Appendix Figure 

A.3). In all conditions, lactate initially accumulated until approximately day 3, then 

the cultures switched to the lactate consumption phase (Appendix Figure A.3). 

Glutamine and glutamate concentrations are shown in Appendix Figure A.4, while off-

line pH, pO2, and pCO2 are shown in Appendix Figures A.5-6. Ammonia and 

osmolarity profiles are shown in Appendix Figure A.7, which further demonstrates 

consistent behavior between replicates and sites. As expected, ammonia increases 

toward the end of culture corresponding with glutamine and glutamate accumulation 

contributing to cell death (Appendix Figure A.7). The osmolarity profiles increase for 

the cultures in ActiPro media due to the high osmolarity of the feeds, while the 

osmolarity remained constant for the cultures in AMBIC 1.0 (Appendix Figure A.7).  

These observations provide a set of reference data using both commercial 

media and media generated by the community (AMBIC 1.0). These data demonstrated 

both consistency within site outcomes (< 10% RSE) and acceptable variation between 

the sites (< 20% RSE) for the key parameters: maximum VCD, culture duration and 

maximum titer. The IVCD and titer profiles were used to calculate the qP for each site 

and media condition (Figure 2.3). The average qP between the sites was not 

significantly different (p > 0.05). For commercial ActiPro media, Sites A and B had 

average qPs of 7.8 ± 0.3 and 7.7 ± 0.4 pg/cell·day, respectively. These qP results 

indicate a successful transfer of the VRC01 process from shake flasks to bioreactors, 

as cell-specific productivities and titer are comparable to previous literature reports for 

this cell line and media.109,110 For the AMBIC 1.0 media, cell-specific productivities 

and titers were significantly lower than in ActiPro. The AMBIC 1.0 media is a leaner 
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media with respect to amino acids in the media and feeds. In AMBIC 1.0 media, the 

qPs were 5.1 ± 1.9 and 3.7 ± 0.1 pg/cell·day for Site A and Site B, respectively. The 

qP in the AMBIC 1.0 media was not significantly different between the sites (p > 

0.05). The qP averages across the sites (n = 5) were 7.74 ± 0.18 pg/cell·day in ActiPro 

and 4.55 ± 0.69 pg/cell·day in AMBIC 1.0 where the RSE values were low, all RSEs 

are shown in Table 2.3. 
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Figure 2.2: Growth characteristic profiles for VRC01 in bioreactor fed-batch cultures in commercial 
(ActiPro) and AMBIC 1.0 media. ActiPro: A) VCD and C) titers. AMBIC 1.0: B) VCD and D) 
titers. Site A (blue) n=3 and Site B (green) n = 2. 
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Figure 2.3: Cell specific mAb productivity for VRC01 from bioreactor cultures in 
commercial (ActiPro) and AMBIC 1.0 media. Error bars represent 
standard error. Site A (blue) n = 3 and Site B (green) n = 2. 
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Table 2.3: Key metrics for VRC01 bioreactor cultures. Data are shown for each site 
and across sites using commercial and AMBIC 1.0 media. Data reported 
as means ± standard error (SE) with relative standard error (RSE) shown.  

VRC01 

Site A  

(n = 3) 

Site B  

(n = 2) 

Across Sites  

(n = 5) 

Mean ± SE RSE Mean ± SE RSE Mean ± SE RSE 

ActiPro 

Max VCD 

(x106 

cells/mL) 

37.5 ± 0.8 2.2% 24.3 ± 0.5 2.1% 32.2 ± 3.3 10% 

Culture 

duration 

(days) 

14.0 ± 0.0 0% 14.0 ± 0.0 0% 14.0 ± 0.0 0% 

Max Titer 

(g/L) 
1.60 ± 0.07 4.5% 1.20 ± 0.05 4.5% 

1.44 ± 

0.11 
7.4% 

qP (pg/cell 

·day) 
7.77 ± 0.32 4.2% 7.68 ± 0.03 0.4% 

7.73 ± 

0.18 
2.3% 
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Table 2.3: Continued  

VRC01 

Site A  

(n = 3) 

Site B  

(n = 2) 

Across Sites  

(n = 5) 

Mean ± SE RSE 
Mean ± 

SE 
RSE Mean ± SE RSE 

AMBIC 1.0 

Max VCD 

(x106 

cells/mL) 

8.0 ± 0.5 5.6% 7.4 ± 0.0 0% 7.8 ± 0.3 3.8% 

Culture 

duration (days) 
10.7 ± 0.3 3.1% 9.5 ± 0.5 5.3% 10.2 ± 0.4 3.9% 

Max Titer 

(g/L) 
0.24 ± 0.05 19% 

0.14 ± 

0.02 
2.6% 

0.20 ± 

0.04 
18% 

qP (pg/cell 

·day) 
5.10 ± 1.1 22% 

3.74 ± 

0.03 
0.89% 

4.55 ± 

0.69 
15% 
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2.6.2.2 GS23 Performance in Bioreactors 

Growth characteristics for the fed-batch bioreactor cultures for GS23 at both 

sites using the commercially available media (EX-CELL Advanced) and AMBIC 1.0 

media are shown in Figure 2.4. VCD and titers are shown in Figure 2.4, while other 

metabolite profiles can be found in Appendix Figures A.8-13. Glucose was added at 

the same time as the feeds to reach target values. The cultures were terminated when 

viability dropped below 70%. For both the commercial media (EX-CELL Advanced) 

and AMBIC 1.0 media a 5% volumetric feed was added every other day as described 

in the Materials and Methods section and outlined in Table 2.1. In the commercial 

media, the maximum VCDs were 12.5 million cells/mL and 10.5 million cells/mL at 

Site A and B, respectively. Interestingly, these maximum VCDs are reversed by site 

when compared to the shake flask cultures (Figure 2.1E). The increased IVCD at Site 

A led to higher titers compared to Site B (Table 2.3 and Figure 2.4C). The final titers 

(day 14) were 4.5 g/L and 2.8 g/L for Sites A and B, respectively. The cell viability 

cutoff of 70% was reached at Site B on day 12 and day 14 at Site A (Appendix Figure 

A.9). 

In parallel, GS23 was cultured in AMBIC 1.0 media (Figure 2.4) and had 

significantly lower growth rates and maximum VCD compared to the EX-CELL 

Advanced media. Table 2.3 summarizes these key outcomes for the GS23 cultures in 

both EX-CELL Advanced and AMBIC 1.0 media. For the four key parameters: 

maximum VCD, culture duration, maximum titer and cell-specific productivity, the 

cultures across the sites had relatively consistent behavior as observed by the RSE 

values below 20% variation.  

Daily glucose readings were similar for the sites (Appendix Figure A.8) with 

even more similar behavior in the AMBIC 1.0 media (Appendix Figure A.8). In all 
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conditions, lactate initially accumulated until approximately day 3, then the cultures 

switched to the lactate consumption phase (Appendix Figure A.8). Interestingly, the 

lactate reached significantly higher levels at Site B. Cell viability is shown in 

Appendix Figure A.9, demonstrating a shorter culture duration at Site B for both 

media types. Glutamine and glutamate concentrations are shown in Appendix Figure 

A.10, while off-line pH, pO2 and pCO2 are shown in Appendix Figures A.12-13. 

Ammonia and osmolarity profiles are shown in Appendix Figure A.11, which further 

demonstrates consistent behavior between replicates and sites. As expected, ammonia 

increases toward the end of culture corresponding with viability lost (Appendix Figure 

A.10). The osmolarity profiles were constant for both the EX-CELL Advanced and 

AMBIC 1.0 medias due to the physiological osmolarity of these feeds (Appendix 

Figure A.13). These metabolite observations shed additional light on performance 

across sites and highlight the challenges generating parallel data at multiple locations. 

One chooses which parameters are critical for process alignment while permitting 

others to vary more widely.  

These GS23 culture observations provide a set of reference data using both 

commercial media and media generated by the community. These data demonstrated 

both consistent site outcomes (< 10% RSE) and acceptable variation between the sites 

(< 20% RSE) for the key parameters: maximum VCD, culture duration, and maximum 

titer (Table 2.4). The IVCD and titer profiles were used to calculate the qP for each 

site and media condition (Figure 2.5). For commercial EX-CELL Advanced media, 

Sites A and B had average qPs of 44.4 ± 1.4 and 42.5 ± 2.3 pg/cell·day, respectively. 

The average qP between the sites was not significantly different (p > 0.05). These qP 

results indicate a successful transfer of the GS23 process from shake flasks to 
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bioreactors, as cell-specific productivities and titer are comparable to the data 

provided by the cell line originator. For the AMBIC 1.0 media, cell specific 

productivities and titers were significantly lower than in EX-CELL Advanced media. 

The qPs for GS23 in the AMBIC 1.0 media were 35.7 ± 0.6 and 40.1 ± 1.9 pg/cell·day 

for Site A and Site B, respectively. The qPs in the AMBIC 1.0 media were not 

different between the sites (p > 0.05). The qP averages across the sites (n = 5) were 

43.7 ± 1.2 pg/cell·day in EX-CELL Advanced and 37.4 ± 1.3 pg/cell·day in AMBIC 

1.0 where the RSE values were low, as shown in Table 2.4. As observed previously 

for VRC01, the AMBIC 1.0 media results in slightly lower qP compared to the 

corresponding commercial media; however, in both media, reproducible and 

consistent results were achieved for key growth and production parameters as 

highlighted in Table 2.4. 
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Figure 2.4: Growth characteristic profiles for GS23 in bioreactor fed-batch cultures in commercial (Advanced 
CHO Fed-Batch) and AMBIC 1.0 media. Advanced: A) VCD and C) titers. AMBIC 1.0: B) VCD 
and D) titers. Site A (blue) n = 3 and Site B (green) n = 2. 
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Figure 2.5: Cell specific mAb productivity for GS23 from bioreactor cultures in 
commercial (Advanced CHO Fed-Batch) and AMBIC 1.0 media. Error 
bars represent standard error. Site A (blue) n = 3 and Site B (green) n = 2. 
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Table 2.4: Key metrics for GS23 bioreactor cultures. Data are shown for each site 
and across sites in commercial and AMBIC 1.0 media. Data reported as 
means ± standard error (SE) with relative standard error (RSE) shown.  

GS23 

Site A  

(n = 3) 

Site B  

(n = 2) 

Across Sites  

(n = 5) 

Mean ± SE RSE Mean ± SE RSE Mean ± SE RSE 

EX-CELL Advanced CHO Fed-Batch 

Max VCD 

(x106 

cells/mL) 

12.5 ± 0.4 2.8% 10.5 ± 0.5 4.9% 11.7 ± 0.6 4.7% 

Culture 

duration 

(days) 

13.3 ± 0.3 2.2% 12.0 ± 0.0 0% 12.8 ± 0.4 2.9% 

Max Titer 

(g/L) 
4.52 ± 0.29 6.5% 2.80 ± 0.19 6.9% 3.8 ± 0.5 12% 

qP (pg/cell 

·day) 
44.4 ± 1.4 3.2% 42.5 ± 2.3 5.6% 43.7 ± 1.2 2.7% 

 

 



 
 

 
 
53 

Table 2.4: Continued  

GS23 

Site A  

(n = 3) 

Site B  

(n = 2) 

Across Sites  

(n = 5) 

Mean ± SE RSE 
Mean ± 

SE 
RSE Mean ± SE RSE 

AMBIC 1.0 

Max VCD 

(x106 

cells/mL) 

9.2 ± 0.3 3.0% 5.3 ± 0.1 1.0% 7.6 ± 1.0 13% 

Culture 

duration (days) 
13.3 ± 0.3 2.5% 

11.0 ± 

0.0 
0% 12.4 ± 0.6 4.8% 

Max Titer 

(g/L) 
2.61 ± 0.13 5.0% 

1.65 ± 

0.85 
5.2% 

2.22 ± 

0.25 
11% 

qP (pg/cell 

·day) 
35.7 ± 0.6 1.7% 

40.1 ± 

1.9 
4.8% 37.4 ± 1.3 3.5% 
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2.6.2.3 Round Robin  

            The industrial community is very familiar with the challenges inherent in 

technology transfer across sites and between organizations. The work here prompted 

development of effective documentation to assist in technology transfer between 

academic researchers. Even slight differences in protocols were initially observed to 

impact consistency of data across sites. For example, tasks including steps from vial 

thaw and expansion to feed storage during cultures had to be aligned. Also, titer 

alignment was required due to instrumentation differences between the sites.  

 To reconcile titer measurement differences, samples were exchanged between 

sites (a round robin). The supporting information file details the round robin titer data 

analysis with Cedex and Octet instruments. In the end, both instruments provided self-

consistent data, and the data were correlated between the sites (Appendix Figure 

A.14). For simplicity, the Octet equivalent titers are presented for the two reference 

cell lines (Figure 2.1, Figure 2.2, and Figure 2.4). 

 Overall, the experimental matrix considered two cell lines, two media types at 

two locations, and generated datasets with online and offline measurements. These 

datasets can be used as a benchmark for those who wish to work with these cell lines 

and media in shake flasks or scaled-down bioreactor systems. These results describe, 

for the first time, industrially relevant CHO cell lines that will be made available to the 

broader research community for non-commercial use. In addition, we provide a 

detailed description of an open-source industrially-relevant, chemically-defined 

medium that may be used by the community. Further, this work provides a more 

effective link between academic research, industrial relevance, and industrial 

application.  



 
 

 
 
55 

2.7 Conclusions 

The performance for two cell lines in two different media were compared at 

two different culture scales. It was observed that maximum VCD and titers varied 

between the sites; however, the qPs were not significantly different between the sites 

for the scaled-down bioreactor conditions. With the overall goal to evaluate a potential 

reference CHO cell line and demonstrate robust growth and performance 

characteristics, both cell lines demonstrated these characteristics. These datasets and 

protocols will enable the biomanufacturing community to compare process 

improvements via the: 1) two reference cell lines with industrially relevant 

performance, 2) crowd-sourced chemically defined media, and 3) cultivation protocols 

for these cell lines, and 4) availability of reference datasets for shake flask and 

bioreactor cultures.  
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 CREATION OF MONOCLONAL ANTIBODY EXPRESSING CHO CELL 
LINES GROWN WITH SODIUM BUTYRATE AND CHARACTERIZATION 

OF RESULTING ANTIBODY GLYCOSYLATION  

3.1 Preface 

This chapter is adapted with permission from: Nmagu, Douglas, Sumit K. 

Singh, and Kelvin H. Lee. "Creation of monoclonal antibody expressing CHO cell 

lines grown with sodium butyrate and characterization of resulting antibody 

glycosylation." Methods in Enzymology. Vol. 660. Academic Press, 2021. 267-295. 

We thank Dr. Hussain Dahodwala for his help during CLD experiments and 

critical reading of the manuscript. Additionally, we thank Michael Daly from Waters 

Corporation for his help in troubleshooting the mass spectrometry experiments for 

glycan analysis at various points in this study and the NIH-NIAID for sharing of cells. 
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1624698 and 1736123. This work was supported, in part, by financial assistance award 
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and Technology. 
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3.2 Abstract 

Chinese hamster ovary (CHO) cells are the primary mammalian cell lines 

utilized to produce monoclonal antibodies (mAbs). The upsurge in biosimilar 

development and the proven health benefits of mAb treatments reinforces the need for 

innovative methods to generate robust CHO clones and enhance production, while 

maintaining desired product quality attributes. Among various product titer-enhancing 

approaches, the use of histone deacetylase inhibitors (HDACis) such as sodium 

butyrate (NaBu) has yielded promising results. The titer-enhancing effect of HDACi 

treatment has generally been observed in lower producer cell lines but those studies 

are typically done on individual clones. Here, we describe a cell line development 

(CLD) platform approach for creating clones with varying productivities. We then 

describe a method for selecting an optimal NaBu concentration to evaluate potential 

titer-enhancing capabilities in a fed-batch study. Finally, a method for purifying the 

mAb using protein A chromatography, followed by glycosylation analysis using mass 

spectrometry, is described. The proposed workflow can be applied for a robust CLD 

process optimization to generate robust clones, enhance product expression, and 

improve product quality attributes.  

3.3 Keywords 

Biotechnology, CHO cell, sodium butyrate, glycosylation, product quality 
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3.4 Introduction 

            Monoclonal antibodies (mAbs) have become an important tool in modern-day 

healthcare. In the last two decades, the approval of 79 mAbs by the US FDA 

highlights their growing importance as a therapeutic product class.111 Chinese hamster 

ovary (CHO) cells are the most widely used host cells for recombinant production of 

mAbs.112,113 The growing understanding of how various process variables and raw 

material attributes impact mAb productivity has led to multi-fold improvements in 

achievable titers in a typical CHO fed-batch process.114  

 Traditional cell line development (CLD) involves the isolation, cultivation, and 

amplification of high producing recombinant CHO cells using a dihydrofolate 

reductase (DHFR)-based methotrexate (MTX), or a glutamine synthetase (GS)-based 

methionine sulfoximine (MSX), selection system.5,113,115–118 While isolation and 

cultivation are critical steps in CLD, the screening of higher producing CHO cells is a 

time- and labor-intensive process. Technological advancements such as efficient 

vector systems, media design, and automation in clone selection have facilitated 

streamlining the CLD process and achieving enhanced product titers.119,120 Additional 

improvements in mAb productivity have been targeted using small-molecule additives 

such as histone deacetylase inhibitors (HDACis). Examples of commonly used 

HDACis are sodium butyrate (NaBu) or valproic acid (VPA). These molecules have 

the potential to aid in enhancing productivity by improving chromatin accessibility to 

the cellular transcription machinery. However, existing data from the literature show 

that the use of HDACis to enhance productivity is of variable success.63,121,122 A 

possible reason for the observed inconsistencies is that the impact of the effect of 

HDCAis on productivity may depend on the productivity of the clone itself. For 

instance, multifold titer enhancements were observed upon HDACi treatment in CHO 
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cell lines with baseline production ranges between 5-300 mg/L.123,124 In contrast, little 

to no improvement in product titers has been observed in CHO cell lines capable of 

titers closer to the g/L production range.64 However, there are no reports of the impact 

of HDACi treatment of sister clones, derived from the same transfected parent cell, 

covering a wide range of inherent productivities to study the relationship of HDACi-

treatment and productivity.  

 While productivity is important in clone selection, another key requirement 

during the production of biotherapeutics is consistent product quality to ensure safety 

and efficacy. The N-linked glycosylation in mAbs is one such important product 

quality attribute that is influenced by process changes.125 The mAb glycosylation can 

be present either in the crystallizable heavy chain fragment (Fc) or the antigen binding 

(Fab) arm, depending on the availability of consensus glycosylation sites. Fc glycan 

heterogeneity impacts the effector functions, and Fab glycosylation has been known to 

influence stability and half-lives of mAbs.126,127 For instance, lack of core-fucosylation 

is strongly correlated with enhanced antibody-dependent cell cytotoxicity (ADCC) 

function, while the lack of galactose significantly lowers complement-dependent 

cytotoxicity (CDC) activity.128,129 Similarly, high oligomannose structures (Man 9-

Man 5 forms) result in poor pharmacokinetic profiles by reducing the circulation half-

life of the mAb.130 High sialylation has been shown to enhance anti-inflammatory 

activity in intravenous immunoglobulin (IVIG) preparations.131 Overall, cell line 

selection should be guided by the ability to produce mAbs with optimal core-

fucosylation levels, galactosylation, and sialylation depending on the desired 

mechanism of action, while expressing minimal levels of oligomannose structures.  
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 This chapter presents a rapid, simplified and automation-independent protocol 

for developing CHO cell lines with varying production capacities to express a model 

IgG1 mAb, by employing a high cell density, high plasmid dose and one-step 

amplification method. Additionally, we describe the methodology for identifying the 

optimal NaBu concentration for each of the developed CHO cell lines to test further 

titer-improvement prospects in a fed-batch culture. Finally, we also present the 

detailed protocol of protein A purification of mAbs from harvest cell culture fluid 

(HCCF) followed by glycosylation analysis using mass spectrometry. This method 

provides a reliable and consistent method for evaluating distinct glycosylation profiles 

as a tool to potentially improve design and control of mAb quality. The resulting 

growth, production, and glycan distribution data generated during this method 

development demonstrate that HDAC inhibition can be used safely without any 

adverse impact on product quality with systematic optimization, although no further 

titer increase is observed from NaBu treatment for the reference cell line. 

3.5 Background 

3.5.1 Cell Line Development Process 

CLD is an important part of process development and results in the creation of 

specific mAb-producing cell lines (or clones). CLD is a multi-step process involving 

host cell line selection, transfection of the gene of interest (GOI), clonal isolation, 

selection, amplification, and finally, clonal expansion.114  

The most prevalent host cell for biopharmaceutical production is CHO cells. 

However, production host cell lines may be viewed as being inherently heterogeneous 

owing to distinct genotypic and/or phenotypic characteristics. Structural changes 
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include genetic variations such as single nucleotide polymorphisms (SNPs), 

mutations, and chromosomal rearrangements.132–134 The variability in specific growth 

rates, product glycosylation, and biosynthetic capacities are functional variations 

contributing to the observed clonal variations. 

Once a host cell line is chosen, the next step in creating a recombinant cell line 

is the integration of the GOI into the host cell genome. Classically, the chromosomal 

integration site for a GOI is random, leading to the incorporation of the transgene in 

diverse genomic regions of the host cell line. The random integration of the transgene 

can also result in copy number variations (CNVs) and differences in the transcriptional 

capacity, leading to heterogeneities in the productivity and product quality across the 

cell populations.135 

Clonally-derived recombinant cell lines can also undergo significant changes 

in the expression levels of the transgene during clonal expansion. This tendency is 

attributed in part to the loss or recombination of transgenes. Moreover, epigenetic 

changes such as promotor methylation or histone acetylation can also contribute to 

clonal variations in productivity.136 

Recent developments to address these issues include targeted strategies for 

gene insertion guided by a knowledge-based selection of the ideal integration sites.137 

Examples of such strategies include recombinase-mediated targeted integration and 

programmable nuclease-mediated targeted integration.138 While these methods have 

successfully addressed some of the limitations of early CLD activities, the field is still 

far from the ability to completely predict and control clone phenotypes.   
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3.5.2 Glycosylation Analysis Using Mass Spectrometry 

Glycosylation is an important product quality attribute that profoundly impacts 

the safety and efficacy of mAbs.139 Existing evidence suggests that the choice of the 

host cell line during CLD significantly impacts the mAb glycosylation profile.140 As a 

result, glycosylation is a significant consideration for the choice of the host cell line 

for the manufacture of recombinant therapeutics.  

Mass spectrometry (MS) is the primary analytical tool for characterizing 

protein glycosylation.141,142 The general approach for characterizing the glycosylation 

of a recombinant protein begins with the release of the glycan from the protein via 

chemical or enzymatic methods.143,144 The most commonly used enzyme for N-glycan 

release is PNGase F, which acts by cleaving the bond between the innermost N-

acetylglucosamine (GlcNAc) and the asparagine side chain of the protein at the N-

glycosylation site.145 In contrast, chemical release is usually carried out by alkaline 

elimination or hydrazinolysis methods and is more commonly employed to release O-

linked glycans.146,147 Site-specific glycan occupancy is assessed by releasing glycans 

with Endo-H, which cleaves the glycosidic bond between the core GlcNAcs but 

preserves the first GlcNAc attached to the protein.148 

By virtue of their biochemical properties, glycans exhibit low ionization 

efficiency in a mass spectrometer compared to peptides and proteins.149 Hence, the 

released glycans are derivatized at their reducing end reactive carbonyl group either by 

reductive amination or permethylation.150 Derivatization improves the ionization 

efficiency and, thereby, facilitates accurate identification using mass spectrometry. 

Also, the released glycans may be modified by adding a chromophore for improving 

the detection by high-performance liquid chromatography (HPLC).151  
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The released and derivatized glycans are usually separated using HPLC before 

MS analysis. The commonly employed chromatographic modes include reversed-

phase, hydrophilic interaction (HILIC), and porous graphitized carbon (PGC) 

chromatography.152–154 The choice of these techniques is dependent on the sample 

complexity, nature of derivatization, and desired separation selectivity.155 

The MS analysis of the released glycans is accomplished either by matrix-

assisted laser desorption ionization (MALDI) or electrospray ionization (ESI) 

techniques.156,157 These approaches enable glycan detection as a metal (sodium) adduct 

in the positive ion mode or as a deprotonated or anion-adducted species in the negative 

ion mode.158 While detecting neutral glycans with MALDI is independent of the size 

of the molecule, the ionization efficiency using ESI decreases with an increase in the 

molecular weight.159 Additionally, while MALDI yields singly charged ions, ESI 

exhibits a multiply charged spectrum that requires deconvolution to produce a singly 

charged glycan spectrum.160 The structural information derived from both of these 

techniques is limited as either of these approaches does not generate fragmentation 

data required for detailed structural elucidation of glycans. Advanced MS acquisition 

methods utilizing tandem mass spectrometry such as collision-induced dissociation 

(CID) or electron-dissociation methods have proven to be a powerful means to bridge 

this gap.161–163  

Finally, various software tools and glycoinformatic database platforms, 

including GlycoMod, GlyReSoft, UniCarbkB, UNIFI, simGlycan, Byonic, and 

GPQuest, have facilitated streamlining of glycan analysis and data interpretation.164 

3.6 Materials and Equipment 

1. CHO host cell line (MTX selection compatible) 
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2. CHO mAb encoding plasmid (MTX selection compatible) 

3. Lonza Biosystems – Nucleofector II  

4. Sterile 125 mL polycarbonate Erlenmeyer flasks 

5. HyClone ActiPro media supplemented with 6 mM L-glutamine 

6. ClonaCell-TCS medium 

7. Sterilized 1 mM methotrexate (MTX) in dimethyl sulfoxide (DMSO) 

8. Well plates (6, 24, 96) 

9. Heracell VIOS 160i CO2 humified incubator (37°C, 5% CO2, 135 rpm, 25 mm 

orbital diameter, 80% relative humidity) 

10. Beckman Coulter Vi-CELL Cell Viability Analyzer 

11. 15 and 50 mL centrifuge tubes 

12. 1000, 200, 20 µL pipettes and sterile tips 

13. -20°C fridge and -80°C freezer 

14. Eppendorf Centrifuge 5804 R 

15. Sterile water bath (37°C) 

16. Labgard Class II, Type A2 biological safety cabinet 

17. Life technologies microscope EVOS XL 

18. Drummond pipet aid (controller) XP 

19. Falcon sterile serological pipet 

20. 100, 500 mL beakers 

21. Corning stirrer (stir plate) and stir bar 

22. Ohaus Voyager Pro scientific weigh scale 

23. Millex sterile filter unit 

24. DB 5 mL sterile syringe 
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25. Sterile 10% DMSO in ActiPro media 

26. NALGENE Cyro 1°C freezing container 

27. Thermo Scientific liquid nitrogen tank with monitor 

28. VWR 1.5 mL microcentrifuge tubes 

29. Lonza Nucleofector Solution 

30. CHO cell lines 

31. Sterile filtered 0.5 M stock solution of NaBu dissolved in Dulbecco’s 

Phosphate Buffered Saline (DPBS) 

32. Sterile glucose stock solution-45% 

33. Cytiva Cell boost Feed 7A  

34. Cytiva Cell boost Feed 7B 

35. Octet RED96e biolayer interferometry (BLI) instrument with protein A sensors 

36. 2950D Biochemistry Analyzer (YSI) 

37. Clarified cell culture supernatant 

38. Buffer A: 50 mM phosphate, 150 mM NaCl, pH 7.5 

39. Buffer B: 100 mM glycine, pH 3.0 

40. Wash Buffer: 50 mM phosphate, 150 mM NaCl, pH 7.5 

41. Clean-In-Place (CIP) Buffers: 2 M NaCl, 0.5 M NaOH 

42. 1M Tris-HCl buffer 

43. Water +0.1% formic acid buffer 

44. Amicon Ultra 4 mL 10K cut-off filter unit 

45. HiTrap Protein A HP Column (Cat.17040201, Cytiva);  Column 

Specifications: Bed height : 25 mm; Bed Volume : 5 ml;  Column I.D : 1.6 mm 

46. UV-spectrophotometer 
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47. GlycoWorks RapiFluor-MS N-Glycan Kit  

48. 18.2 MΩ/cm-1 LC-MS grade water 

49. LC-MS grade acetonitrile 

50. 15:85 (v/v) water/acetonitrile 

51. 1:9:90 (v/v/v) formic acid/water/acetonitrile 

52. 5% RapiGest (Cat. 186001861, Waters Corp) 

53. Intact mAb mass check standard (Cat. 186006552, Waters Corp) 

54. GlycoWorks RapiFluor-MS dextran calibration ladder 

55. NIST Reference Material 8671 NISTmAb 

56. 96-well plate extraction vacuum manifold 

57. µ-HILIC elution plate (Cat No. 186002780, Waters Corp) 

58. Vacuum pump 

59. Vacuum manifold shims 

60. Heat block/water bath 

61. Centrifugal vacuum evaporator 

3.7 Cell Line Development of MAb Producing Clones with Varying 
Productivities 

Cell line development can be very time-consuming and laborious due to 

extensive screening and process scaling required to achieve desired productivities and 

product quality. Here, we describe a traditional but reliable method for developing 

mAb-producing CHO cell lines. The resulting pool of clones will have various 

productivities. This process takes approximately 3-4 months. A summary of the 

described CLD method is depicted in Figure 3.1.  
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Figure 3.1: Summarized workflow of cell line development used to obtain clones 
with varying productivities. Upon transfection of host cells with plasmid 
genomic material containing a DHFR sequence, a bulk pool is initiated 
with supplemented MTX. Next, individual cells are plated in semi-solid 
media before expanded colonies undergo a series of increasing-volume 
plate cultures in liquid media. The expanded cells are transferred to the 
shake flask and banked upon achieving consistent growth and high 
viability.  

3.7.1 Transfection and Expansion of Single-Cell Colonies 

1. Sanitize by wiping the work surface with 70% isopropanol. Turn on the airflow 

of the biological safety cabinet for the execution of cell culture work 15 mins 

prior to the start.  

2. Thaw a vial of host cells from the -80°C freezer, and use a pipette to transfer 

~107 cells to a sterile 15 mL centrifuge tube (See Appendix Note B.1).  
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3. Pipette 50 mL of ActiPro media supplemented with 6 mM L-glutamine into 

sterile 50 mL centrifuge tubes. Warm 50 mL centrifuge tube in a sterile water 

bath set at 37°C for 3-5 mins. 

4. Wash cell pellet with 5 mL of ActiPro media supplemented with 6 mM L-

glutamine (add slowly using a pipette). Centrifuge cells at 120 x g for 3 

minutes, and use pipette to remove the supernatant from the cell pellet.   

5. Pipette 5 mL of fresh ActiPro media supplemented with 6 mM L-glutamine in 

a centrifuge tube containing cell pellet, and transfer all the contents to a sterile 

125 mL shake flask. Finally, pipette 15 mL of additional ActiPro media 

supplemented with 6 mM L-glutamine to bring host cell culture to a seeding 

density of 0.4 x 106 cells/mL in the shake flask for incubation at 37°C, 5% 

CO2, 135 rpm, and 80% relative humidity (RH).   

6. Maintaining a seeding density of 0.4 x 106 cells/mL for each passage, allow 

host cells to undergo 3 passages (approximately 3 days per passage), and 

measure viability and viable cell density (VCD) using ViCell to ensure at least 

97% viability and representative cell-specific doubling time (See Appendix 

Note B.2).  

7. On day 3 of the 3rd passage, measure viability and VCD of host cell culture on 

ViCell. Using the cell count, pipette the appropriate culture volume to obtain 

~107 host cells into a 1.5 mL microcentrifuge tube. Centrifuge at 120 x g for 5 

mins, and then remove the supernatant using a pipette.  

8. Pre-warm Nucleofector Solution recommended by Lonza to room temperature. 

Resuspend the host cell pellet in room temperature Nucleofector Solution to a 
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final concentration of 1x 107 cells/100 µL.  Mix 100 µL of cell suspension (in 

Nucleofector solution) with 3 µg of mAb plasmid using a pipette.  

9. Transfer the sample into an Lonza certified cuvette using pipette, and cover 

with blue cap. Insert the cuvette into the cuvette holder of the Lonza – 

Nucleofector II, and select the appropriate Nucleofector program to start 

transfection according to the manufacturer’s instructions (see Appendix Note 

B.3).   

10. Pipette 50 mL of ActiPro media supplemented with 6 mM L-glutamine into 

sterile 50 mL centrifuge tubes. Warm 50 mL centrifuge tube(s) for heating in a 

sterile water bath set at 37°C for 3-5 mins.  

11. Following the transfection, seed cells at 0.4 x 106 cells/mL in 125 mL shake 

flask using ActiPro media at a working volume of 25 mL, and maintain for 4 

passages. After the first passage, supplement media with sterile filtered MTX 

up to a concentration of 100 nM. Tip: The MTX is added after a single passage 

to ensure the cells have slightly recovered from the initial cellular stress 

induced from transfection. Check and ensure cell culture’s viability to be at 

least 80% before adding MTX to maintain the culture’s viability.  

12. Cultivate single cells from bulk transfection pools using ClonaCell-TCS 

medium (semi-solid media) in sterile 6-well plates according to media 

manufacturer’s instructions. Ensure that semi-solid media is well mixed and 

supplemented with concentrations of 6 mM glutamine and 250 nM sterile 

filtered MTX. Additionally, measure VCD and viability of bulk transfection 

pool flask using ViCell to ensure the appropriate number of cells are added 

from the bulk pool to aliquot 50 to 100 cells per well during plating. Fill each 
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well with 3 mL of semi-solid media using a sterile 5 mL syringe for a total of 5 

plates. Tip: It is recommended to use various concentrations of cells during 

plating as colony expansion can vary based on the cell line.   

13. Incubate the plates at 37°C in a humidified incubator at 5% CO2, 80% RH, and 

0 rpm for 10 – 14 days. Tip: Some cells may need additional days for colony 

expansion.  

14. Inspect plates under a microscope at 20x magnification and harvest single-cell 

colony outgrowths using a pipette. Transfer each colony to individual wells of 

a 96-plate well. Each well should be filled with 0.1 mL of media supplemented 

with 200 nM sterile filtered MTX. After 2 days, add 0.1 mL 200 mM MTX-

supplemented media to each well. 

15. Inspect individual wells under a scientific microscope at 20X for 80% 

confluency. Transfer the contents of the respective well to a 24-well plate. Add 

0.8 mL 200 nM sterile filtered MTX supplemented media to each well to bring 

working volume to 1 mL.  

16. Inspect wells under a microscope for 80% confluency. Transfer the contents of 

the respective well to a 6-well plate. Add 2 mL of 200 nM sterile filtered MTX 

supplemented media to each well to bring working volume to 3 mL.  

17. Inspect wells under a microscope for 80% confluency. Transfer half of the 

contents of each well individually to a new well of a 6-well plate. Add 1.5 mL 

200 nM MTX supplemented media to all split wells to bring working volume 

to 3 mL.  
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18. Inspect wells under a microscope for 80% confluency. Transfer both wells of a 

corresponding clone expansion to a 125 mL shake flask. Add 4 mL 200 nM 

MTX supplemented media to bring working volume to 10 mL.  

19. Measure viability and VCD of each flask after 2-3 days. Passage at a seeding 

density of 0.4 x 106 cells with fresh 200 nM MTX supplemented media every 3 

days until viability is >95% and consistent growth profiles are achieved. Once 

consistent growth is achieved at a working volume of 10 mL, increase the 

working volume of shake flasks to 25 mL and repeat passage criteria. Shake 

flask should be incubated in a humified incubator at 37°C, 5% CO2, with an 

agitation of 135 rpm.  

20. Upon completion, bank and label cells from each shake flask. Approximately 

107 cells should be centrifuged at 120 x g to remove the supernatant. Transfer 

cell pellet to vials with 1 mL of ActiPro media supplemented with 10% DMSO 

for -80°C storage.   

21. Thaw 1 vial of each different cell line banked, and perform a batch and fed-

batch study in 125 mL shake flasks to characterize growth and titer of each cell 

line. An example of growth (viability and VCD) and mAb production (titer) 

characterization data from a fed-batch study utilizing 4 clones after CLD is 

shown in Figure 3.2.   
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Figure 3.2: Example data of VCD, mAb titer, and viability (VIA) stemming from the fed-batch study of 
clones post CLD.  CL311, CP19, CP24, and CP35 are representative clones that exhibit 
differential mAb production after undergoing identical development conditions. 
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3.8 Sodium Butyrate (NaBu) Concentration Optimization and Treatment of 
Developed Cell Lines 

Many small-molecule culture additives have been utilized in CHO cell cultures 

for enhancing mAb production or quality. The addition of NaBu, which is a HDACi, 

to cell cultures has demonstrated improvement in the specific productivity of certain 

CHO cell lines. This effect on specific productivity stems from HDACis’ ability to 

promote chromatin accessibility via a more euchromatin (less condensed) form.64 

Chromatin accessibility is regulated by histone modifications such as acetylation, 

phosphorylation, and methylation. NaBu induces histone hyperacetylation, leading to 

improved access of transcription factors to protein biosynthetic machinery by lowering 

the DNA binding affinity to the histones.63,64 While this mechanism may lead to 

higher productivity, its titer effects are must be balanced with cytotoxic effects, 

requiring the amount of NaBu added to cultures to be optimized. Determining the 

optimal NaBu concentration to administer in each cell line is critical. Using a 

concentration too high induces apoptosis in the cell culture, leading to decreased titers 

due to poor culture viability; however, using a NaBu concentration too low may not 

induce the desired process change. Here, we describe how to determine the optimal 

NaBu concentration for each cell line in a batch experiment before starting a fed-batch 

experiment.  

3.8.1 Determining Optimal NaBu Concentration for Cell Lines to Improve 
Titer 

1. Sanitize by wiping the work surface with 70% isopropanol. Turn on the airflow 

of the biological safety cabinet for the execution of cell culture work 15 mins 

prior to start.  
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2. Thaw a vial of transfected cells from the -80°C freezer, and use a pipette to 

transfer ~107 cells to a sterile 15 mL centrifuge tube (See Appendix Note B.1).  

3. Pipette 50 mL of ActiPro media supplemented with 6 mM L-glutamine into 

sterile 50 mL centrifuge tubes. Warm 50 mL centrifuge tube in a sterile water 

bath set at 37°C for 3-5 mins.  

4. Wash cell pellet with 5 mL of ActiPro media supplemented with 6 mM L-

glutamine (add slowly using a pipette). Centrifuge cells at 120 x g for 3 

minutes, and use pipette to remove the supernatant from the cell pellet.   

5. Pipette 5 mL of fresh ActiPro media supplemented with 6 mM L-glutamine in 

a centrifuge tube containing cell pellet, and transfer all the contents to a sterile 

125 mL shake flask. Finally, pipette 15 mL of additional ActiPro media 

supplemented with 6 mM L-glutamine to bring cell culture to a seeding density 

of 0.4 x 106 cells/mL in the shake flask for incubation at 37°C, 5% CO2, 135 

rpm, and 80% RH.   

6. Maintaining a seeding density of 0.4 x 106 cells/mL for each passage, allow 

cells to undergo 3 passages (approximately 3 days per passage), and measure 

viability and viable cell density (VCD) using ViCell to ensure at least 97% 

viability and representative cell-specific doubling time.  

7. To begin the batch experiment, seed 10 flasks at 0.4 x 106 cells/mL for each 

cell line at a working volume of 25 mL. This allows for each condition (varied 

NaBu concentrations) to be performed in biological duplicates. Measure 

viability and VCD daily using Vi-CELL count, and collect 0.6 mL samples for 

titer analysis by BLI after the 7-day batch run.  
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8. On day 2 of the batch culture, administer NaBu concentrations of 0, 0.5, 1, 2, 

and 3 mM to each flask in duplicate (See Appendix Note B.4).   

9. Evaluate effects of NaBu on the viability and VCD and final titer of each 

culture to determine appropriate optimal concentration. Tip: If the NaBu 

concentration used resulted in a higher final titer than the control (0 mM 

NaBu), it is an ideal optimal concentration. If the NaBu concentration used 

resulted in a final titer similar to the control or other NaBu concentrations, then 

defer to the higher viability and VCD as the optimal NaBu concentration for 

the cell line.   

3.8.2 Fed-batch Study for Evaluating the Effect of the Optimal NaBu 
Concentration on the Cell Line 

1. Sanitize and turn on the airflow of the biological safety cabinet for the 

execution of cell culture work.  

2. Thaw a vial of transfected cells from the -80°C freezer, and use a pipette to 

transfer ~107 cells to a sterile 15 mL centrifuge tube (See Appendix Note B.1).  

3. Pipette 50 mL of ActiPro media supplemented with 6 mM L-glutamine into 

sterile 50 mL centrifuge tubes. Warm 50 mL centrifuge tube in a sterile water 

bath set at 37°C for 3-5 mins.  

4. Wash cell pellet with 5 mL of ActiPro media supplemented with 6 mM L-

glutamine (add slowly using a pipette). Centrifuge cells at 120 x g for 3 

minutes, and use pipette to remove the supernatant from the cell pellet.   

5. Pipette 5 mL of fresh ActiPro media supplemented with 6 mM L-glutamine in 

a centrifuge tube containing cell pellet and transfer all the contents to a sterile 

125 mL shake flask. Finally, pipette 15 mL of additional ActiPro media 
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supplemented with 6 mM L-glutamine to bring cell culture to a seeding density 

of 0.4 x 106 cells/mL in the shake flask for incubation at 37°C, 5% CO2, 135 

rpm, and 80% RH.   

6. Maintaining a seeding density of 0.4 x 106 cells/mL for each passage, allow 

cells to undergo 3 passages (approximately 3 days per passage), and measure 

viability and viable cell density (VCD) using ViCell to ensure at least 97% 

viability and representative cell-specific doubling time.  

7. To begin the fed-batch experiment, seed 6 flasks at 0.4 x 106 cells/mL for each 

cell line at a working volume of 25 mL. This allows for the optimal NaBu and 

control (0 mM) concentrations to be performed in biological triplicates. 

Measure viability and VCD daily using Vi-CELL count, and collect daily 0.6 

mL samples for titer analysis by BLI after the 14-day batch run.  

8. Starting from day 3, add Feed 7A and 7B at 3% and 0.3% v/v ratio to each 

shake flask daily. From day 5, add glucose to bring cultures to baseline glucose 

concentration ranging between 6-7 g/L. Tip: Glucose concentration can be 

measured by pipetting 0.2 mL samples of culture fluid into YSI sample cups 

for analysis by biochemistry YSI analyzer. 

10. On day N of the culture, where Day N equates to the day before the cell line 

typically achieves its maximum VCD, administer NaBu optimal concentration 

to treated shake flask cultures (See Appendix Note B.5).   

11. Evaluate the viability, VCD, and final titer of each optimal NaBu concentration 

treated culture compared to its respective non-treated (0 mM) control culture to 

determine the effects of the optimal NaBu concentration on each cell line and 

whether there is a correlation with titer enhancing effects and productivity.   
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3.9 Protein A Chromatography 

Protein A chromatography is the workhorse and the primary capture step in the 

downstream processing of the harvested cell culture fluid (HCCF) to purify 

monoclonal antibodies (mAbs). The first step is to obtain the clarified cell culture 

supernatant from the HCCF. This is achieved by centrifugation of the HCCF at 120 x 

g rpm for 5 minutes. The supernatant is collected and directly loaded onto the protein 

A column at neutral pH, followed by product elution at low pH. A wash step (at 

intermediate pH) is usually introduced between the HCCF loading and product elution 

step that allows removal of host cell proteins (HCPs) and other impurities. The 

purification step yields > 99% purity owing to the high selectivity of protein A for 

mAbs. Here, we describe the step-by-step procedure of purifying mAbs from the 

different productivity clones. The purification process described in this protocol is 

pressure-driven using a syringe (details described below). The whole procedure takes 

approximately 30 minutes (for 10 mL HCCF loading) in batch mode (see Appendix 

Note B.6).  

3.9.1 Purification Process 

1. Equilibrate the HiTrap Protein A HP column with 50 mM phosphate, 150 mM 

NaCl, pH 7.5 (5 CV). 

2. Load the cell culture harvest onto the column such that a residence time of ~4 

minutes is maintained during loading. For a desired residence time, the flow rate 

is calculated using the formula:  
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Flow of 1mL/min flow rate corresponds to 24 drops/min. Thus, for 1.25 mL/min, 

the flow rate maintained should correspond to 30 drops/min. 

3. Wash the column using 50 mM phosphate, 150 mM NaCl, pH 7.5 (2 CV) 

4. Elute the mAb using 100 mM glycine, pH 3.0 (1.5 CV) 

5. Recondition the column using 2 M NaCl (2 CV) and 0.5 M NaOH (2 CV) before 

the next cycle of sample loading. 

6. Neutralize the pH of the elute using 1M Tris buffer. 

7. Determine the concentration of the eluate using UV-spectrophotometer by 

recording absorbance at 280 nm.   

3.10 N-glycan Analysis Using Mass Spectrometry 

 Glycosylation is an important quality attribute that has a pronounced impact on 

the safety, efficacy, and quality of mAbs. Glycan heterogeneity contributes to the 

varying effector function capacity of mAbs. For instance, sialylation of N-linked 

glycans correlates with IVIG’s anti-inflammatory activity and modulates immune 

effector functions of human IgGs.139 Similarly, high mannose glycans result in rapid 

clearance of the mAbs, thereby affecting their pharmacokinetic half-lives.165 Specific 

glycans such as N-glycolylneuraminic acid are associated with cases of 

immunogenicity.166  

The critical determinant of glycosylation in mAbs is governed by the choice of 

host cell used in the cell line development. Additionally, there could be substantial 

clone-to-clone variations that necessitate the optimal selection of cell lines for mAb 

production. Here, we present a detailed protocol for purification of mAbs from the 

HCCF and subsequent processing, method development, and analysis of released 
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glycans from mAbs. The sample preparation takes about 1.5 hours, while data 

acquisition and analysis require 5-6 hours.  

3.10.1 Sample Preparation 

1. The protein A purified mAbs from the different productivity clones are 

concentrated to 2 mg/mL in an appropriate buffer that does not contain sodium 

dodecyl sulfate (SDS). Also, nucleophiles (e.g.: Tris, DTT, glycine, or 

histidine), if present, should be diluted such that their final concentration is 

below 0.1 mM. 

2. Prepare an intact mAb standard such as NIST Reference Material 8671 

NISTmAb (diluted to 2 mg/mL) as a positive control for processing alongside 

the protein A chromatography-purified mAb samples.  

3. For deglycosylation, first dilute 7.5 µL of the protein A purified mAb samples 

(15 µg) with 15.3 µL of LC-MS grade water, and denature by adding 6 µL of 

5% solution of RapiGest surfactant to each of the samples followed by heating 

at 90oC for 3 minutes. Secondly, the denatured samples are then cooled for 3 

minutes to room temperature, followed by the addition of 1.2 µL of PNGase F 

and incubated at 50oC for 5 minutes.   

4. The deglycosylated samples are then cooled to room temperature for 3 

minutes.  

5. The released glycans are then labeled by adding 12 µL of Rapi-Fluor dye 

dissolved in anhydrous dimethylformamide (DMF). The reaction mixture is 

left at room temperature for 5 minutes.  

6. The labeled glycan mixtures are then diluted with 358 µL of acetonitrile 

(ACN) for the subsequent clean-up step. 
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7. Set up the µ-HILIC elution plate in a vacuum manifold with shims and a waste 

tray. 

8. Condition the wells of the µ-HILIC elution plate with 200 µL of water, 

followed by 200 µL of 85% ACN. Ensure that the vacuum is adjusted such that 

the liquid takes ~30 s to pass through each of the wells of the µ-HILIC elution 

plate.  

9. Load ~400 µL of ACN-diluted, labeled glycan samples from step 6 onto the 

conditioned wells of the µ-HILIC elution plate. 

10. Wash the wells twice with 600 µL of 1:9:90 formic acid:water:Acetonitrile. 

11. Replace the waste tray with 600 µL sample collection tubes.  

12. The labeled N-glycans are eluted with 90 µL of solid-phase extraction (SPE) 

elution buffer into the collection tubes.  

13. Dilute the eluent with 310 µL of DMF/ACN sample diluent. Mix by aspiration, 

and pipette into high-throughput HPLC vials for fluorescence (FLR)-mass 

spectrometry (MS) analysis.  

3.10.2 LC-MS Analysis of Released N-glycans 

            The mass spectrometry analysis was performed on a Waters BioAccord LC-

MS system composed of a Sample Manager, column compartment, thermostat, 

fluorescence, and UV detector. However, the analysis can be performed on any LC-

MS system with these components.  

1. Create a Glycan Assay (FLR with MS confirmation method) analysis method 

using UNIFI software (Waters Corp.).  



 
 

 
 
81 

2. List out the separation components that are used to identify the dextran ladder 

components for the separation calibration. The corresponding retention times 

of the components will need to be updated (see Appendix Note B.7). 

3. To enable Glucose Unit (GU)-based library search, do not add any entries in 

the component list.  

4. Program the gradient method for the separation of glycans using 50 mM 

ammonium formate pH 4.4 as the mobile phase A (%A) and 100% LC-MS 

grade ACN as mobile phase B (%B). The gradient method used is listed in 

Table B.1.   

5. Install Waters ACQUITY UPLC Glycan BEH Amide column (2.1 x 150 mm, 

1.7 mm particle size, 130 Å pore size) in the column compartment and 

maintain the column temperature at 60oC during separations.  

6. Set the fluorescence (FLR) detector to record signal at 265/425 nm 

(excitation/emission) wavelength with a sampling rate of 2 Hz. 

7. The ESI-QTOF-MS (electrospray ionization quadrapole time-of-flight mass 

spectrometer) is programmed to operate in positive mode with full scan in the 

mass range 50-2000 m/z with a scan rate of 2 Hz. Other MS parameters 

included cone voltage: 45 V, capillary voltage: 1.5 kV.    

8. Use leucine enkephalin (2 ng/µL in 50% ACN/0.1% formic acid) for lock mass 

correction.  

9. Once the glycan analysis method is set up, the next task is to create an analysis 

for acquiring new data.  

10. Equilibrate the system by setting the initial separation conditions. Fill out the 

sample list with an appropriate number of samples. 
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11.  Re-suspend the dextran ladder in 100 µL LC-MS grade water and prepare 10 

µL aliquots for storage at -80 oC. The reconstituted dextran ladder degrades 

when kept at room temperature for more than 24 hours. Also, avoid more than 

one freeze-thaw cycle. 

Tip: Water is a strong solvent in HILIC analysis, so the amount injected of a 

sample in aqueous solutions is limited. If larger injection volumes are needed 

(>2 µL), then dilute samples to a final concentration of 25% water, 50% ACN, 

and 25% DMF.   

12. Include dextran ladder injections in the newly created sample list. The 

retention times of the dextran ladder components are used for assigning glycan 

structures based on library search. The glycan assignments are further 

validated using the mass information.  

13. Inspect the FLR offset with respect to the total ion chromatogram (TIC) data 

and apply the correction to enable detector offset alignment.  

14. Start the data acquisition by injecting samples in triplicates.  
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Table 3.1: Listing of the gradient of mobile phase B (acetonitrile +0.1% formic 
acid) used for the separation of glycans using hydrophilic interaction 
liquid chromatography. 

 

3.10.3 Data Analysis 

            Set the peak processing parameters in UNIFI with the following guidelines.  

1. Find 2D peaks:  Glycans are identified by their FLR peak integration. Use 

minimum height to limit the number of peaks integrated. In addition, the 

“detect shoulder” option can help with poorly resolved glycans.  

2. Find 3D peaks: 3D peak parameters are used to find the precursor glycan and 

fragment isotope masses. The retention time (RT), m/z, peak shape, and 

intensity of each isotope above the low energy and high energy thresholds are 

measured. Isotopes from the same glycan or fragment across all charge states 

are combined into a single component at the C12 monoisotopic +H m/z. 

Fragments are then aligned to precursors by RT and peak shape.  

3. 3D isotope clustering: The 3D isotope parameters determine how close the 

retention time glycan isotopes and glycan fragments need to be clustered 

together. In general, 1/7th of the chromatographic peak width is applied during 

 
Time (min) Flow Rate (mL/min) %B 

0 0.4 75 
35 0.4 54 

36.5 0.2 0 
39.5 0.2 0 
43.1 0.2 75 
47.5 0.4 75 
55.0 0.4 75 
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cluster creation with the intensity threshold of 1500 during high to low energy 

association.  

4. Target by retention time:  If no components have been entered, this option 

applies only to the separation components. A relatively large RT tolerance (± 

0.2-0.3 min) and maximum area can be used to identify dextran ladder 

components.  

5. Target by mass:  Set the target mass tolerance to 20 ppm.  

6. Discovery settings:  Set the search value. Only ± value matters for processing. 

Select the appropriate glycan library for searching the components.  

7. Quantitation settings: Select the calibration curve fit type as relative response 

(%) and quantify by area. The amount of each glycan is calculated as a percent 

of all identified glycans. Choose calibration curve fit type as either cubic spline 

or fifth-order polynomial.  

8. Analysis specific settings: Define the lock mass parameters for internal mass 

correction.  

9. Once the data acquisition is complete, process the samples with the above 

settings. 

10. Review the separation calibration and confirm that the correct components are 

identified. For example, G4 (maltotetraose) should be 1024 m/z.  

11. Evaluate the reproducibility of the dextran ladder injections. 

12. Review the FLR integration and adjust the 2D peak integration settings in step 

1 as needed. 

13. Library assignment of peaks: The peak retention time is converted to a GU 

value (Figure 3.3 and Table 3.2). All glycans with GU values within the 
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tolerance set in the analysis method are returned from the library search. Mass-

confirmed glycans are given the highest priority. However, a single mass 

confirmed glycan is selected over any non-mass confirmed glycans. Similarly, 

if the library search returns two glycans of the same mass, then one with the 

lowest delta GU is selected. If two glycans of different masses are returned, 

then the most abundant in the spectrum is selected.  For the case where no 

glycans are mass confirmed, the lowest delta GU is selected.  

14. Check the glycan identifications of the glycan performance standard 

(NISTmAb) and the samples for accuracy and consistency. Adjust the library 

GU tolerance in step 6 as needed.  

15. In case the desired glycans are assigned to a different peak, they must be 

removed from that peak to enable its manual reassignment to the desired peak. 

Save the manual changes after reassigning glycans. 
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Figure 3.3: Example data obtained after released glycan analysis using HILIC-FLR-
MS analysis. Each peak retention time is converted into glucose units 
(GU) below the corresponding peak annotation based on separation 
calibration. The glycan identity is then established based on library 
search using GU values which are finally validated with the mass values 
from the ToF-MS data. The cumulative percentages of various glycan 
groups such as mono, di, and tri- sialylated, high mannose, antennary (1-
4), and de-fucosylated glycans are shown in the inset of the figure. 
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Table 3.2: A list of the mass confirmed N-glycans derived from a representative 
mAb sample analyzed in the study. 

 

3.11 Results and Discussion  

In developing these methods, various clones of the VRC01 refernce cell line, 

also known as A11, were completely characterized for growth, metabolite, and titer in 

a complete 14 day fed batch. The effects of NaBu treatment on titer and glycosylation 

profiles of the mAbs derived from the different clones were investigated. The product 

quality analysis involved assessing the changes in the relative glycan abundances for 

each of the produced mAbs.  

3.11.1 Growth Characterization and MAb Production of Varying Productivity 
Clones (A11, CP19, CP24, and CP35)  

Four CHO cell clones with different mAb productivities were developed to 

investigate the effect of HDAC inhibition by NaBu on a platform consisting of clonal 

cell lines with a broad range of productivities for the same mAb using the method 

previously described. Vials of cell clones were thawed from a frozen bank and 

 

Component  
name 

Observed RT 
 (min) 

%  
Amount

  
Glycan  

Units 
Expected  
Glycan  

Units 
Expected mass  

(Da) 
Observed  

mass  
(Da) 

Charge Response 

A2 12.62 2.01 5.494 5.4619 1627.66114 1627.6656 2 70097021 
A2[3]G(4)1 15.44 0.69 6.3646 6.29 1789.71396 1789.7191 2 24167661 

A2G(4)2 17.78 6.59 7.1305 7.0955 1951.76678 1951.7745 2 229496027 
A2G(4)2S(3,3)2 21.82 4.4 8.58 8.57 2533.95762 2533.9678 3 153181096 
A3G(4)3S(3)1 23.36 0.94 9.1863 9.23 2607.99439 2608.0105 3 32769924 

F(6)A2 13.66 25.24 5.8095 5.7879 1773.71904 1773.723 2 878563305 
F(6)A2[3]G(4)1 16.43 6.17 6.6824 6.6633 1935.77187 1935.7786 2 214660159 
F(6)A2[6]G(4)1 16.02 14.65 6.5507 6.5337 1935.77187 1935.7804 2 509948907 

F(6)A2[6]G(4)1S(6)1 19.88 6.76 7.8603 7.84 2226.86728 2226.8707 2 235229553 
F(6)A2B 14.9 1.37 6.1924 6.1175 1976.79842 1976.8144 2 47622306 

F(6)A2BG(4)2S(6)1 22.3 0.34 8.7671 8.82 2591.99948 2592.0114 3 11980437 
F(6)A2G(4)2 18.67 11.43 7.4346 7.4266 2097.82469 2097.8293 2 397801326 

F(6)A2G(4)2S(3)1 20.66 5.72 8.1426 8.124 2388.92011 2388.9277 2 199150686 
F(6)A2G(4)2S(3,3)2 22.46 3.53 8.8291 8.85 2680.01552 2680.023 3 122713719 

F(6)A3G(4)2 19.71 1.6 7.7992 7.7585 2300.90406 2300.9272 3 55751428 
F(6)A4G(4)4 24.9 1.35 9.8344 9.915 2828.08908 2828.1028 3 47036678 

F(6)A4G(4)4S(3,3,3)3 28.51 0.69 11.5124 11.52 3701.37533 3701.3831 3 23888778 
F(6)A4G(4)4S(3,3,3,3)4 29.73 0.63 12.1439 12.17 3992.47075 3992.4734 3 21868994 

M5 14.91 2.29 6.1942 6.1692 1545.60804 1545.6114 2 79778922 
M7 D1 20.45 1.56 8.0658 8.0285 1869.71368 1869.7217 2 54216136 
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cultivated for 6 passages before a full fed-batch experiment was conducted in shake 

flasks. Cell clone cultures were terminated once viability dropped below 60%. Figure 

3.4 shows the growth, viability, titer, glucose/lactate characterization of each cell 

clone fed-batch culture without NaBu treatment. Clone A11 yielded the highest mAb 

titer of 1770 mg/L, while clone CP35 yielded the lowest mAb titer of 61 mg/L. This 

demonstrates a >10 fold production range by our platform, in which we have cell 

clones with titers similar to those in literature below 300 mg/L and closer to industrial 

production levels above 1g/L.123,124,167,168 All cell clones exhibited similar viable cell 

density and viability profiles through day 3 before differentiating in their doubling 

times and nutrient demands. Cell clone CP35 seemed to differentiate the most as it 

exhibited the highest VCD with nearly 50% greater cell density during the exponential 

growth phase. This increase in exponential growth for CP35, conjugated with greater 

glucose/nutrient consumption and lactate production lead to a shortened fed-batch 

culture duration in comparison to the other cell clones.169 Meanwhile, cell clone A11 

demonstrated slightly greater late culture viability than CP19 and CP24, as A11 had a 

distinctively lower lactate profile than the other cell clones.  
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Figure 3.4: Clonal cell lines were cultivated in fed batch and demonstrated a wide range of production levels. 
Characterization of growth (a), viability (b), titer (c), glucose consumption (d), and lactate 
production (e) are displayed. A11 (red), CP19 (black), CP24 (green), and CP35 (blue). 
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3.11.2 NaBu Impact on MAb Production is Independent of Clone Productivity 

The broad range of productivity cell clones were then treated with NaBu in 

another fed-batch cultivation experiment. Prior to this experiment, we sought to 

determine the optimal concentration for each clone cell line as NaBu has been 

previously observed as a cytotoxic compound. The NaBu optimal concentrations were 

determined to be 0.5 mM for cell clone CP24 and 1.0 mM for cell clones A11, CP19, 

and CP35. These optimal concentrations are consistent with other determined optimal 

concentrations in previous HDAC inhibition literature.123,170,171 Using the determined 

concentration of NaBu for each cell clone, cell clone cultures were treated with the 

appropriate optimal concentration of NaBu. The day of NaBu treatment, N, 

corresponded to the day before the maximum viable cell density was achieved in 

culture without NaBu treatment (Figure 3.4). Therefore, optimal NaBu treatment 

occurred as follows: day 6 for CP35, day 7 for A11, and day 9 for CP19 and CP24. 

Figure 3.5 displays the effect of NaBu on the growth, viability, and titer of each cell 

clone fed-batch culture. A slightly toxic effect of NaBu on cell growth was observed 

on all clone cell lines as VCD and viability declined in the days post NaBu addition in 

comparison to the control, nontreated cell clone cultures. NaBu had a neglible effect 

on titer as a statistical t-test (p<0.05) revealed insignificant differences in the harvest 

titer of corresponding treated and non-treated cultures [A11(p=.5244), CP19(p=.3175), 

CP24(p=.6367), CP35(p=.5569)].  
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Figure 3.5: Effect of NaBu on clonal cell lines growth (a), viability (b), and titer (c) 
in fed batch cultures. Optimal concentration of NaBu was added on day 
N, day prior to maximum VCD achieved during clone development 
characterization. Solid lines represent NaBu treated cultures. Dash lines 
represent control, non-treated NaBu cultures. A11 (red), CP19 (black), 
CP24 (green), and CP35 (blue). 
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Within literature, the addition of NaBu to culture media has demonstrated 

varying effects on the titer values of many CHO cell lines, although its primary 

attractiveness is its capacity to be a titer enhancer through improving gene 

accessibility.172 Gene accessibility is regulated by histone modifications such as 

acetylation, phosphorylation, and methylation. NaBu induces histone hyperacetylation, 

loosening the binding affinity of DNA to the histone, resulting in facilitated access for 

transcription factors to the altered chromatin structure.171,172 In this study, the titer and 

transgene mRNA levels of the CHO cell clones were not enhanced following the 

treatment of NaBu during the late exponential growth phase.  

Given the advances in cell line development, specifically concerning 

chromatin regulatory elements, it is possible that the gene accessibility about the 

transgene for our mAb expression is at its transcriptional machinery threshold. In other 

literature studies, DNA sequences that act as chromatin regulatory elements such as 

locus control region (LCR), scaffold/matrix attachment region (S/MAR) and 

ubiquitous chromatin opening elements (UCOEs) have been effectively integrated 

during plasmid vector design, resulting in increased transgene expression and 

improved expression stability in CHO cells.173,174 The current vector design of our 

transgene plasmid within all the clones in this study includes two MAR elements, 

bIFN MAR (GenBank. M83137) and stls1 MAR (GenBank. X04753), flanking the 

expression cassette. MAR elements are DNA fragments containing AT-rich sequences 

that specifically associate with the nuclear matrix at specific regions in the eukaryotic 

genome.174,175 The use of two MAR elements flanking an expression cassette has been 

associated with increased expression in comparison to flanking a MAR at only one 

side (upstream or downstream) of the expression cassette.175 
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Therefore, it is conceivable that no synergistic transcriptional effects were 

observed from NaBu addition. Further, the effect on titer from NaBu treatment was 

determined to be independent of the production level of each clone as no direct 

correlation was discovered between clone mAb productivity and the effectiveness of 

NaBu to be a titer enhancer. 

3.11.3 Comparison of Relative Glycan Abundances of MAbs Derived from CP19, 
CP24, and CP35 Clones with A11 clone before and after NaBu Treatment 

 A comparison of the relative levels of sialylation, mannose, fucosylation, 

afucosylation, and galactosylation from the processed mAb glycan samples of each 

clone with and without NaBu treatment was conducted.  

 The mAb expressed in the base cell line clones (without NaBu treatment) did 

not show any significant differences in the levels of sialylation, mannose and 

afucosylation levels (Figure 3.6a). However, considerable differences in core- 

fucosylation and terminal galactosylation were evident across the investigated clones 

(Figure 3.6a). For instance, mAb from all the clones except CP19 showed significantly 

lower fucosylation than the reference A11. The fucosylation in the CP24 and CP35 

clones was 28% and 36% lower than A11 clone. The trend for the galactosylation 

levels observed for the mAbs from different clones were also similar as all the clones 

except CP19 showed significant differences from the reference A11 clone. A decrease 

of 29-38% in galactosylation levels was noted for the CP35 and CP24 clones when 

compared with the A11 clone.  

 The comparison of mAb glycosylation after NaBu treatment also showed no 

changes in the levels of sialylation, mannose and afucosylated glycan forms (Figure 

3.6b). However, as was the case without NaBu treatment, significant differences were 
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observed in the levels of fucosylation and galactosylation with the addition of NaBu to 

the cell cultures (Figure 3.6b). The change observed was ubiquitous with all the clones 

showing differences in these two attributes, including CP19-HDACi clone, upon 

comparison with the reference A11 clone. Quantitatively, the fucosylation levels were 

25% lower in CP19-HDACi and CP24-HDACi clones, while it was 42% lower in 

CP35-HDACi clones. Galactosylation levels were 41%, 32% and 23% lower in CP19-

HDACi, CP24-HDACi and CP35-HDACi clones respectively, compared to the A11-

HDACi clones.  

 To understand if the observed differences in fucosylation and galactosylation is 

attributed to clonal variation or NaBu treatment, the glycosylation levels for each of 

the clones before and after NaBu treatment was compared. It is evident that NaBu 

treatment does not bring about any changes in any of the glycan attributes for all the 

investigated clones, except for the CP-19 clone, which showed moderate changes in 

the level of galactosylation after NaBu treatment (Figure 3.6c-f). Based on these data, 

it is clear that the observed glycan heterogeneity stems from the clonal variations and 

that NaBu treatment does not cause any major changes in the product quality 

attributes. 
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Figure 3.6: Comparison of the glycosylation of the A11 mAb expressed in the three 
different cell lines a) before NaBu treatment and b) after NaBu treatment. 
Five glycan parameters including sialylation, mannosylation, 
afucosylation, fucosylation and galactosylation levels were compared in 
the mAb expressed in the three cell lines. Comparison of the relative 
levels of the five glycan parameters in c) A11 vs A11-HDACi d) CP19 vs 
CP19-HDACi e) CP24 vs CP24-HDACi and f) CP35 vs CP35-HDACi 
cell lines. 
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Previous research, however, shows negative impact on the levels of sialylation, 

fucosylation and galactosylation in mAbs as well as multiple other products, including 

EPO, TPO, tPA, FSH and immunoadhesion chimeric protein (GP1-IgG), upon using 

NaBu as a productivity enhancer.176–180 One common observation made from these 

studies is that the impact of NaBu on product quality and titer is largely dose- and 

time-dependent. The use of suboptimal NaBu concentration has been shown to induce 

apoptosis in CHO cells.178 The induction of apoptosis, in turn, has been found to be 

correlated with decreased activity of certain enzymes needed for glycosylation such as 

fucosyl and sialyl-transferases, leading to decreased core fucosylation and 

sialylation.181 Also, NaBu addition is found to be most beneficial when used at the 

mid-exponential phase of the cell growth owing to enhanced glucose consumption 

efficiency and lower cell density under this condition.182,183 The observation of no 

changes in the glycosylation profile after NaBu treatment can most likely be explained 

based on the experimentally determined optimal NaBu concentration for each of the 

examined cell lines and their addition to the cell cultures at the most favorable 

conditions that prevented any aberrations in the glycosylation machinery.  

3.12 Summary 

 This chapter presents a rapid, simplified, and easy to implement (automation-

free) workflow for the generation of robust CHO cell lines with varying 

productivity.  We also have provided a step-by-step procedure for studying the impact 

of HDACis on product titer.  Finally, we have presented analytical workflows for 

determining the glycosylation profile of the mAb produced using these cell lines.  We 

believe that the proposed workflow can be applied for various CLD campaigns that 

will result in clones that enhance product expression, will facilitate process 

optimization to and impact product quality attributes. Further, the data generated in 

this method development show that HDAC inhibition can be used safely without any 
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adverse impact on product quality with systematic optimization. However, the effect 

of HDAC inhibition on titer enhancement also depends on various transcriptional and 

secretory capacities of clones.  

 
 



 
 

 
 
98 

TIME DEPENDENT MEDIA ADDITIVE STRATEGIES FOR INFLUENCING 
GLYCOSYLATION OF A REFERENCE CHO CELL LINE 
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help in analyzing purified glycan samples using the Waters BioAccord liquid 

chromatography-mass spectrometry system with ACQUITY Premier. We also would 
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4.2 Abstract 

Monoclonal antibodies (mAbs) are therapeutic proteins used for the effective 

treatment of human ailments ranging from cancers to autoimmune diseases. N-linked 

glycosylation is a critical quality attribute that affects important end-use 

characteristics, such as the bioactivity, efficacy, half-life, stability, and safety of 

produced mAbs. Media formulation and culture process conditions during mAb 

production are factors that can change glycan distributions. Using a factorial design of 

Chapter 4 
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experiments approach, we examine the influence of 2-F-peracetyl fucose (2FP), 

galactose, and N-acetylmannosamine (manNAc) as glycan modifying media 

supplements introduced at different stages during cell growth. We evaluate the growth, 

mAb production, and day 12 glycan distribution of supplemented culture conditions 

with that of a non-supplemented wild type to reveal major glycosylation changes 

based on media additive concentration and time of addition. These results improve our 

understanding of media supplementation as a strategic tool for acquiring desirable 

glycan profiles using a timely, cost-effective approach.  

4.3 Keywords 

2-F-peracetyl fucose (2FP), galactose, n-acetylmannosamine (manNAc), 

fucosylation, galactosylation, sialylation, CHO cell 

4.4 Introduction 

 The prevalence of CHO cells for industrial mAb production stems from the 

capacity for human-like post-translational modification (PTM) and adaptability to 

varying culture conditions.3,8,105 Most approved CHO biologics involve glycosylation 

as a key PTM present in the active drug material.8 The glycosylation profile on a mAb 

is an important critical quality attribute (cQA) as it determines biological function and 

influences drug safety, efficacy, and half-life. Most CHO-produced mAbs, including 

all those within the IgG1 isotype, contain an N-linked glycosylation which involves 

the attachment of glycan sugars to the Asparagine 297 (Asn297) residue within the 

CH2 region of the fragment crystallizable (Fc) fragment.99,100,184  

The presence and order of N-glycan sugars can be very impactful. The 

reduction of core fucose can increase therapeutic efficacy by increasing antibody-
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dependent cellular cytotoxicity (ADCC) while the increased presence of terminal 

galactose can also increase ADCC and complement-dependent cytotoxicity 

(CDC).74,75,83,84 Furthermore, galactose content is a major source of mAb structural 

variability, which also impacts efficacy.82,185 Sialic acid content within the glycoform 

plays an important role in stabilization and permeation for mAbs because of high 

electronegativity, which alters binding rates.186–188 Therefore, researchers have 

observed that the increased presence of terminal sialic acid in the glycoform can 

increase mAb half-life and bioactivity.65,66,73 Given the diversity of possible glycan 

forms on a mAb and their influence on quality characteristics, it is necessary to 

explore methods to fine-tune or control the glycoform of mAbs during 

biopharmaceutical development.  

Such methods for altering mAb glycoforms include cell line selection, genetic 

engineering (overexpression or knockout of key glycan transferases or precursors), 

media composition, or culture conditions (pH, temperature, pCO2).65,74 In particular, 

the use of glycan altering media additives offers easy implementation that can reduce 

mAb development time and cost compared to alternative methods. Supplements such 

as 2F-peracetyl fucose (2FP) have been shown in literature to increase ADCC and 

reduce fucose through inhibition of the FUT8 enzyme responsible for transferring 

fucose to the glycoform.97–100 In some studies, defucosylated antibodies have 

demonstrated greater than 100-fold higher ADCC activity over their wild-type 

fucosylated counterparts.74 Meanwhile, additive compounds such as nucleotides, 

galactose and N-acetylmannosamine (manANc) have demonstrated the capability in 

literature to improve galactosylation and sialylation respectively, as they both serve as 

precursors within their corresponding mechanisms.99,100 In a literature study 
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supplementing galactose during the production of the IgG product RituxanTM, an 

increase in terminal Gal content was associated with an increase in CDC activity 

because of increased antibody binding to the complement component 1q (C1q) 

receptor.85 Further studies have found that increased galactosylation led to ADCC 

enhancement, although not as robust as that driven by a reduction of fucosylation 

levels.86 

In this study, the impact of media additives on glycosylation in mAb-

producing CHO cells was evaluated for three components: 2FP, galactose, and 

manNAc. These compounds were supplemented in fed-batch cultures at various stages 

of cell growth. The potential time-dependent effects of the additives on cell growth, 

mAb titer production, and lactate/glucose metabolite levels are characterized and 

compared. Specifically, we characterize the potential time-dependent effects of the 

additives on glycosylation as we compare the resulting analyzed released glycan 

distributions for relative changes in mannosylation, fucosylation, galactosylation, and 

sialylation. These results are intended to improve our understanding of media 

supplementation as a strategic tool for improving targeted glycan profiles. 

4.5 Materials and Methods 

4.5.1 Cell Line and Media 

         A recombinant IgG1 producing CHO-K1 cell line expressing the VRC01 

broadly neutralizing HIV antibody was kindly donated from the Vaccine Production 

Program Laboratory at the National Institute of Health (NIH) and banked in 1 ml 

aliquots, consisting of 10 million cells each, before storage in liquid nitrogen prior to 

use. Commercial media, ActiPro, along with Cell Boost 7a/7b feed (Cat. 
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SH31039.02, SH31026.07, and SH31027.01; Cytiva, Marlborough, MA) were used 

in this study. The ActiPro media used in this study was supplemented with 6 mM 

glutamine using 200 mM L-glutamine (Cat. 68769, Thermo Fisher Scientific, 

Waltham, MA). 

4.5.2 Culture Conditions 

 A single vial of the VRC01 cell line was thawed and cultivated in a 125 ml 

polycarbonate Erlenmeyer flask (Cat. 430421, Corning, Oneonta, NY) at a seeding 

density of 0.4 × 106 cells/ml. The cells were passaged every two to three days while 

maintaining an initial seeding density of 0.4 × 106 cells/ml at a working volume 

ranging from 20 to 30 ml to ensure consistent, representative growth. After five 

successful passages, VRC01 cells were cultivated in a fed-batch process using 

supplemented ActiPro media. Cell Boost Feed 7a and 7b were added to cell cultures 

starting on day 3 at feed ratios of 3.0% and 0.3% culture volume, respectively. A bolus 

addition of 0.1 ml of 45% glucose stock solution (Cat. G8769, MilliporeSigma, St. 

Louis, MO) was added daily to shake flasks to help maintain sufficient glucose levels 

and bring baseline glucose concentration to at least 5 g/L. A Heracell VIOS 160i CO2 

incubator (Cat. 51030285, Thermo Scientific, Waltham, MA, USA) was used for cell 

cultures and was set at 37°C, 5% CO2. Agitation was set at 135 rpm for flask 

cultures.   

4.5.3 Experimental Design using Media Additives  

The fed-batch experiment was conducted according to a mixed level factorial 

experimental design for the following factors: (i) 2FP concentration (0, 25, 80 µM), 

(ii) galactose concentration (0, 20, 100 mM), (iii) manNAc concentration (0, 20, 80 
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mM), and (iv) time of addition for each independent additive condition (day 0, 4, 8). 

Concentrations of media additives (2FP, galactose, and manNAc) were selected based 

on the potential impact on glycan structure from literature reviews.75,97–100,189–192 The 

mixed level full factorial design yielded 27 possible experimental conditions to be 

tested, with 9 overlapping conditions corresponding to 0 mM concentrations for each 

respective additive at each time point compiled into one condition serving as the 

control. Therefore, 19 conditions were evaluated, as shown in Table 4.1. Each 

condition was tested using two biological replicates. For 2FP induction conditions, a 

sterile 0.02 M stock solution of 2FP in DMSO (Cat. D2650, Sigma-Aldrich, St. Louis, 

MO) was added. For galactose and manNAc, which are both water-soluble, the 

required amounts were mixed directly into the feeds/media and filtered sterilized prior 

to induction on day 0. For the conditions where galactose and manNAc was 

supplemented on day 4 and 8, cells were transferred to a 50 ml Eppendorf tube and 

centrifuged at 180xg for 5 mins using Eppendorf centrifuge 5804R (Cat. 

5805F1568031, Eppendorf, Hauppauge, NY). The cell culture fluid was then briefly 

extracted from the cell pellet for addition of galactose or manNAc and filter 

sterilized.  After sterilization, the culture fluid was used to resuspend the cell pellet 

and transferred back to a 125 ml shake flask. Samples were collected daily over the 

fed-batch experiment to assess growth, viability, metabolite concentrations, and 

antibody (mAb) titer. On days 4, 8, and 12, clarified supernatant samples (centrifuged 

for 5 mins at 4000xg and separated from cell pellet) were collected for glycan 

profiling. Growth and viability samples were evaluated daily while daily titer, daily 

metabolite, and day 12 released glycan samples were stored at -20°C for off-line 

evaluation.   
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Table 4.1: List of experimental media additive conditions for fed-batch shake flask 
cultures. 

 

 

 

4.5.4 Cell Growth, Metabolite, and Antibody Titer Quantification 

Viable cell density and culture viability were quantified daily using Vi-CELL 

Cell Viability Analyzer (Cat. 731050, Beckman Coulter Life Sciences, Indianapolis, 

IN, USA). For metabolite analysis, stored supernatant samples were thawed and 

evaluated using for glucose and lactate concentrations using a 2950D Biochemistry 

Analyzer (Cat. 527690, YSI, Yellow Springs, OH). For antibody titer quantification, 
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an Octet RED96e (Cat. FB-90062, ForteBio, Fremont, CA) was used with Protein A 

biosensors according to the manufacturer’s protocol.   

4.5.5 Protein A Antibody Chromatography 

The monoclonal antibodies from each clarified supernatant sample were 

purified using a protein A PreDictor MabSelect SuRe LX 96 well filter plate (Cat. 

1754731, Cytiva, Marlborough, MA) with a chromatography resin volume of 20 µl 

per well, according to the manufacturer’s protocol. In brief, the resin within the 

PreDictor plate was resuspended by securely rotating the plate 20 times. The storage 

solution was then removed by centrifuging the plate for 1 min at 500xg. Each 

individual well of the PreDictor plate was equilibrated by adding 200 µl of 

equilibrium buffer, 50 mM phosphate containing 150 mM NaCl, pH 7.5, and mixing 

on a micro-plate shaker at 1100 rpm. The equilibrium buffer was flushed by 

centrifuging the plate for 1 min at 500xg. This equilibration step was repeated two 

additional times before loading the clarified sample. 300 µl of the clarified sample was 

loaded into each well and incubated on a micro-plate shaker at 1100 rpm for 60 

minutes. The loaded sample was then flushed by centrifuging the plate for 1 min at 

500xg. The sample loading step was repeated two additional times with the incubation 

duration of 60 and 90 mins for each sample load, respectively. Any unbound sample 

was washed by adding 200 µl of equilibrium buffer, mixing briefly at 1100 rpm on a 

micro-plate shaker, and then centrifuging for 1 min at 500xg. This wash step was 

repeated 2 additional times. Last, the purified antibody was eluted from each well by 

adding 200 µl/well of elution buffer (100 mM glycine buffer, pH 3), mixing briefly for 

20 seconds on a micro-plate shaker at 1100 rpm, and centrifuging for 1 min at 500xg. 

The elution step was then repeated an additional two times.  
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4.5.6 Glycan Analysis Sample Preparation 

Purified mAb samples were concentrated to 2 mg/ml in 18.2 M ohm water to 

prepare for released glycan analysis using a GlycoWorks RapiFluor‐MS kit (Cat. 

176003910, Waters, Milford, MA) per manufacturer's instructions. The 

manufacturer’s instructions first step calls for a rapid deglycosylation of the mAb as 

the antibodies are denatured using a kit-provided surfactant at 95°C, which enables 

PNGase F to cleave the glycans from the peptide chain. The second step is a rapid 

labeling of the glycosylamines as the deglycosylation mixture is incubated with a kit-

provided RapiFluor-MS reagent before the reaction is quenched using pure 

acetonitrile. Lastly, the labeled glycosylamines undergo hydrophilic interaction liquid 

chromatography (HILIC) using a kit-provided HILIC 96 well filter plate with 

manufacturer-described wash, load, and elution steps for the collection of the purified 

released glycans.  

4.5.7 UPLC-MS 

Purified glycans were analyzed using a Waters BioAccord with an ACQUITY 

Premier system, following methods previously reported.184,193 Separation was 

performed using a Glycan BEH Amide column (2.1 x 150 mm dimension, 130Å pore 

size, 1.7 μm particle size, Cat. 186004742; Waters, Milford, MA) with a mobile phase 

A composition of 50 mM ammonium formate, pH 4.4, and a mobile phase B 

composition of 100% LC-MS grade acetonitrile (Cat. A955-4, Thermo Fisher 

Scientific, Waltham, MA). The gradient used for separation is shown in Appendix 

Table C.1. Glycan separation was detected using a fluorescence (FLR) detector with 

excitation and emission wavelengths of 265 and 425 nm, respectively. MS data were 

collected with positive ion polarity using a low mass scan range (50-2,000 m/z), 1 Hz 
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scan rate, 1.5 kV capillary voltage, and 30 V cone voltage. Additional parameters 

include a column temperature of 60 °C, sample manager temperature of 10 °C, and 

FLR peak integration range of 5.0-31.0 minutes. The RDa system calibration was 

performed using Waters RDa Calibrant and Wash solutions (Cat. 186009013, Waters, 

Milford, MA) and lock mass calibration was performed using Waters Leucine 

Enkephalin Lock Mass kit solution (Cat. 186009012, Waters, Milford, MA). Samples 

were run in randomized order with triplicate injections per sample, and sample sets 

were run in 24-hour queues to avoid extended hold times post-thaw (7 total sample 

queues were run). Dextran ladder and blank injections were run between every two 

sample set injections (every 6 injections) to maintain consistency in the separation 

calibration curve construction.  

4.5.8 Data Analysis 

The UNIFI Glycan Assay workflow based on FLR detection of retention time 

and species confirmation via MS data was used for peak annotation (UNIFI version 

3.0.0.15). RapiFluor-MS (RFMS) Dextran Calibration Ladder (Cat. 186007982, 

Waters, Milford, MA) injections were used to construct a calibration curve for each 

sample set. After all dextran ladder injections in a sample set, the expected retention 

time of components G4–G12 were added into the analysis method Separation 

Compounds tab, allowing for the construction of calibration curves. These were used 

to assign GU values to released glycan species and matched to potential glycan 

identifications using the RFMS glycan library in UNIFI with a GU tolerance of 0.2. 

Glycan species identifications based on GU value were confirmed using MS data with 

15 ppm mass error, adding an additional layer of confidence to assignments. 
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All peak identifications were manually inspected, and in several instances 

manual peak assignment was required to override incorrectly identified peaks. In all 

cases, MS data were referenced to ensure all peaks were assigned accurately, and all 

data reported are derived from mass-confirmed identifications. Relative percent 

abundances for mass-confirmed glycans were calculated by dividing the individual 

peak areas by the total peak area of all identified glycans. Glycan species abundances 

were averaged across triplicate injections. Dextran ladder injection peak assignments 

and calibration curves are displayed in Appendix Figures C.1 and C.2.  

4.5.9 Statistical Analysis 

A Dunnett’s T3 statistical test to calculate p-values for the comparison of 

maximum VCD, titer, qP, percent fucosylation, percent galactosylation, percent 

sialylation, percent G1 species, percent G2 species, percent S1 species, and percent S2 

species for each experimental condition to the control were performed. Alpha was set 

to 0.05 to indicate a 95% confidence interval. Multiplicity adjusted p-values are 

reported in Appendix Tables C.2-C.4.  

4.6 Results 

The VRC01 cell line was studied and completely characterized for growth, 

metabolite, and production titer profiles in a shake flask fed-batch experiment. The 

effects of three media additives (2FP, galactose, and manNAc) on production and 

glycosylation were investigated at various concentrations and time points in culture 

(day 0, 4, and 8). Concentrations of media additives (2FP, galactose, and manNAc) 

were selected based on the potential impact to glycan structure from literature 

reviews.75,97–100,189–192 
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4.6.1 2FP Supplementation  

4.6.2 2FP Impact on Growth and MAb Production 

IgG1-producing suspension VRC01 CHO cells were grown in fed batch 

culture supplemented with two concentrations (25 µM, 80 µM) of 2FP across three 

time points (day 0, 4, and 8). For each of the conditions, the cells followed a similar 

typical growth profile as each culture condition reached a maximum VCD ranging 

from 19.94 to 26.63 million cells/ml (Figure 4.1a). Cells grown in the presence of 25 

µM or 80 µM 2FP did not exhibit major differences in growth behavior relative to the 

unsupplemented control culture (Figure 4.1a-b, Appendix Table C.2).  

Glucose and lactate concentrations were monitored throughout the fed-batch 

culture (Figure 4.1d-e). Glucose and lactate profiles were similar across concentrations 

and time points of 2FP supplementation, as profiles did not significantly deviate 

relative to the unsupplemented control. However, 25 µM 2FP supplemented on day 0 

resulted in a glucose concentration slightly higher than the rest of the 2FP conditions 

from day 6 in culture, which is most likely a result of 25 µM 2FP supplemented on 

day 0 having the lowest maximum VCD among the group.  

The final titers of the VRC01 cells supplemented with 2FP, with absolute 

values ranging from 1998 to 2240 mg/L, did not vary compared to that of the 

unsupplemented control, 1950±247 mg/L (Figure 4.1c, Appendix Table C.2). The cell-

specific productivity, qP, was then calculated from integrated viable cell count (IVCC) 

growth and titer profiles for each condition. Similar to titer observations, the cell-

specific productivity of each 2FP condition was very similar to that of the 

unsupplemented control, 17.38±0.83 pg/cell/day, with absolute values ranging from 

16.05 to 18.10 pg/cell/day (Figure 4.1f, Appendix Table C.2).  



 
 

 
 

110 

 

 

Figure 4.1: Growth characteristic and production profiles for control and each 2FP experimental condition in 
shake flask fed-batch cultures. Graphs for (a) viable cell density, (b) viability, (c) titer, (d) glucose 
concentration, (e) lactate concentration, and (f) productivity (qP) are displayed. n=2 for each 
condition.   
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4.6.3 2FP Impact on Glycan Profile 

The antibodies produced from each condition were Fc-glycosylated and 

evaluated on culture day 12 for changes in fucosylation, galactosylation, and 

sialylation percentage. Percent fucosylation, percent galactosylation, and percent 

sialylation were evaluated for all 2FP supplemented experimental conditions (Figure 

4.2). Additionally, percent G1, percent G2, percent S1, and percent S2 glycan species 

were evaluated for all 2FP conditions (Appendix Figure C.3).  

 The fucosylation levels of all 2FP concentrations (25 µM, 80 µM) across all 

three time points (day 0, 4, and 8) were lower when compared to the control, 

38.38±0.83% (Figure 4.2a, Appendix Table C.3). The greatest reductions in 

fucosylation were observed in the 80 µM 2FP concentration conditions, with the 

earlier supplemented time points generally showing lower fucosylation levels. The 

lowest fucosylation level of 2FP treated conditions was observed in 80 µM 2FP on day 

0 at 1.20±0.25% while the highest fucosylation level was observed in 25 µM 2FP on 

day 8 at 31.78±0.78%.  

 The galactosylation levels of all 2FP conditions, with absolute values ranging 

from 61.73 to 66.33%, were slightly lower but similar when compared to the control, 

68.77±1.44% (Figure 4.2b, Appendix Table C.3). Similar to observed fucosylation, the 

lowest galactosylation level of 2FP treated conditions was observed in 80 µM 2FP on 

day 0 at 61.27±0.26% while the highest fucosylation level was in 25 µM 2FP on day 8 

at 66.33±1.33%. 

 The sialylation levels of all 2FP supplemented conditions, with absolute values 

ranging from 30.93 to 34.18%, were not different when compared to the sialylation 

level of the control, 32.44% (Figure 4.2c, Appendix Table C.3).  
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Figure 4.2: Abundance (%) of (a) fucosylated, (b) galactosylated, and (c) sialylated glycan species based on 
respective day 12 glycan distribution for control and 2FP experimental conditions. n=2 for each 
condition. 
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4.6.4 Galactose Supplementation  

4.6.5 Galactose Impact on Growth and MAb Production 

IgG1-producing suspension VRC01 CHO cells were individually 

supplemented with two concentrations (20 mM, 100 mM) of galactose across three 

time points (day 0, 4, and 8). For each condition, the cells followed a similar growth 

profile through day 5 in culture with galactose supplementation noticeably lowering 

maximum VCD compared to that of the unsupplemented control (Figure 4.3a-b, 

Appendix Table C.2). The maximum VCD of the unsupplemented control was 

24.08±1.83 million cells/ml while galactose supplemented cultures ranged from 7.26 

to 20.57 million cells/ml (Figure 4.3a-b, Appendix Table C.2). However, considering 

the different concentrations and time points of supplementation, 100 mM galactose 

concentrations at early culture time points, day 0 and day 4, exhibited the largest 

decrease in maximum VCD with 7.26±0.97 and 12.66±0.15 million cells/ml, 

respectively (Appendix Table C.2). 

Glucose and lactate concentrations were monitored throughout the fed-batch 

for each galactose experimental condition (Figure 4.3d-e). Glucose profiles through 

day 5 and lactate profiles were similar across concentrations and time points of 

galactose supplementation. The higher glucose concentration of galactose 

supplemented cultures corresponds with the lower VCD observed after day 5 in 

culture. Additionally, glucose accumulation was observed post day 5 for 100 mM 

galactose supplemented on day 0 and day 4, as those conditions had the lowest 

maximum VCDs.   
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The final titers of the VRC01 cells supplemented with galactose had absolute 

values ranging from 530 to 1840 mg/L (Figure 4.3c, Appendix Table C.2). These 

values differ from the control condition, which achieved 1950±247 mg/L (Figure 4.3c, 

Appendix Table C.2). Final titer observations for all 20 mM galactose supplemented 

conditions, independent of time, were similar to the control conditions. However, 100 

mM galactose supplemented conditions, at day 0 and day 4, exhibited much lower 

final titers (Appendix Table C.2). The cell-specific productivity, qP, was then 

calculated from the growth and production profiles of each condition. Similar to the 

titer results, the cell-specific productivity of each 20 mM galactose condition was very 

similar to that of the control. The cell-specific productivity of 100 mM galactose 

conditions at day 0 and day 4, with absolute values ranging from 12.25 to 15.45 

pg/cell/day, were considerably lower than that of the control with a lower cell-specific 

productivity corresponding to the earlier time point at which 100 mM galactose was 

supplemented (Figure 4.3f and Appendix Table C.2). 
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Figure 4.3: Growth characteristic and production profiles for control and each galactose experimental 
condition in shake flask fed-batch cultures. Graphs for (a) viable cell density, (b) viability, (c) 
titer, (d) glucose concentration, (e) lactate concentration, and (f) productivity (qP) are displayed. 
n=2 for each condition.   
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4.6.6 Galactose Impact on Glycan Profile 

The antibodies produced from each condition were Fc-glycosylated and 

evaluated on culture day 12 for changes in fucosylation, galactosylation, and 

sialylation percentage. Percent fucosylation, percent galactosylation, and percent 

sialylation were evaluated for all galactose-supplemented experimental conditions 

(Figure 4.4). Additionally, percent G1, percent G2, percent S1, and percent S2 glycan 

species were evaluated for all galactose conditions (Appendix Figure C.4).  

The fucosylation levels of all galactose concentrations (20 mM, 100 mM) 

across all three time points (day 0, 4, and 8), with absolute values ranging from 

35.29% to 39.77%, were similar when compared to the fucosylation level of the 

unsupplemented control, 38.38±0.83% (Figure 4.4a, Appendix Table C.3). However, 

the greatest reductions in fucosylation were observed in the higher later supplemented 

galactose conditions on day 8 independent of concentration, as 20 mM and 100 mM 

galactose concentration conditions on day 8 were considerably lower than that of the 

unsupplemented control.  

The galactosylation levels of all galactose conditions, with absolute values 

ranging from 64.78 to 69.39%, were also similar to the galactosylation level of the 

unsupplemented control, 68.77±1.44% (Figure 4.4b, Appendix Table C.3). Further 

supporting this lack of galactosylation change, no major increase in G1 or G2 glycan 

species was observed for all galactose supplemented conditions (Appendix Figure 

C.4a-b, Appendix Table C.4).  

The sialylation levels of all galactose-supplemented conditions, with absolute 

values ranging from 28.99 to 32.79%, were similar when compared to the sialylation 

level of the unsupplemented control, 32.44%, with differences too small to be 
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considered truly observable (Figure 4.4c, Appendix Table C.3). However, statistical 

tests revealed that the 100 mM of galactose supplemented on day 4 had a significantly 

lower sialyation level than that of the control (Appendix Table C.3). No major 

increase in S1 or S2 glycan species was observed for all galactose-supplemented 

conditions (Appendix Figure C.4c-d, Appendix Table C.4). 
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Figure 4.4: Abundance (%) of (a) fucosylated, (b) galactosylated, and (c) sialylated glycan species based on 
respective day 12 glycan distribution for control and galactose experimental conditions. n=2 for 
each condition. 
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4.6.7 ManNAc Supplementation  

4.6.8 ManNAc Impact on Growth and MAb Production 

IgG1-producing suspension VRC01 CHO cells were grown in fed-batch 

culture supplemented with two concentrations (20 mM, 80 mM) of manNAc across 

three time points (day 0, 4, and 8). For each of conditions, the cells followed a typical 

growth profile, reaching a maximum VCD ranging from 12.05 to 22.45 million 

cells/ml (Figure 4.5a and Appendix Table C.2). The lower range of maximum VCD 

achieved among manNAc-supplemented conditions occurred in the 80 mM manNAc 

supplementation for day 0 and day 4 at 12.50±1.54 million cells/ml and 19.06 ±0.94 

million cells/ml, respectively, which are lower than the control condition.  

Glucose and lactate concentrations were monitored throughout the fed-batch 

for each manNAc experimental condition (Figure 4.5d-e). Most glucose profiles and 

all lactate profiles were similar across concentrations and time points of manNAc 

supplementation. The three conditions for which elevated glucose concentration was 

observed post day 5 in culture were for the 80 mM supplementation on day 0 and day 

4, as well as the 20 mM concentration on day 4. The increased glucose concentration 

of manNAc-supplemented cultures correlates with lower VCD observed after day 5 in 

culture for the 80 mM manNAc concentrations on day 4 and 8, while high variations 

in measured glucose late in culture are present in the 20mM day 4 condition. 

The final titers of the VRC01 cells supplemented with manNAc ranged from 

875 to 1610 mg/L (Figure 4.5c, Appendix Table C.2). Final titer observations for all 

manNAc supplemented conditions were lower than the final titer of the 

unsupplemented control, with the 80 mM supplementation of manNAc on day 0 
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condition having the most noticeably lower final titer. The cell-specific productivity, 

qP, was then calculated from the growth and production profiles of each condition. 

The cell-specific productivity of all manNAc conditions, ranging from 14.90 to 16.35 

pg/cell/day, was similar to that of the control, 17.38±0.83 pg/cell/day (Figure 4.5f and 

Appendix Table C.2). 
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Figure 4.5: Growth characteristic and production profiles for control and each manNAc experimental 
condition in shake flask fed-batch cultures. Graphs for (a) viable cell density, (b) viability, (c) 
titer, (d) glucose concentration, (e) lactate concentration, and (f) productivity (qP) are displayed. 
n=2 for each condition.   
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4.6.9 ManNAc Impact on Glycan Profile 

The antibodies produced from each condition were Fc-glycosylated and 

evaluated at culture day 12 for changes in fucosylation, galactosylation, and sialylation 

percentage. Percent fucosylation, percent galactosylation, and percent sialylation were 

evaluated for all manNAc-supplemented experimental conditions (Figure 

4.6). Additionally, percent G1, percent G2, percent S1, and percent S2 glycan species 

were evaluated for all manNAc conditions (Appendix Figure C.5).  

The fucosylation levels of all manNAc concentrations (20 mM, 80 mM) across 

all three time points (day 0, 4, and 8), with absolute values ranging from 37.87% to 

52.72%, were similar or higher when compared to the fucosylation level of the 

unsupplemented control, 38.38±0.83% (Figure 4.6a, Appendix Table C.3). Two 

conditions, including 20 mM, day 0 and 80mM, day 4, were observed to have 

significantly higher fucosylation levels based on statistical tests, at absolute levels of 

40.65±0.21% and 44.98.65±0.44%, respectively (Appendix Table C.3).  

The galactosylation levels of all manNAc conditions, with absolute values 

ranging from 41.87% to 66.93%, were lower compared to the galactosylation level of 

the unsupplemented control, 68.77±1.44% (Figure 4.6b, Appendix Table C.3). The 

greatest galactosylation reduction in manNAc-treated cultures were observed in the 

higher 80 mM concentration, for earlier culture days 0 and 4 at 41.87±1.63 and 

56.70±1.89%, respectively. However, only the 20 mM and 80 mM on day 0 conditions 

displayed significantly lower galactosylation levels compared to the control (Appendix 

Table C.3). Accordingly, a significant decrease in G1 or G2 glycan species was 

observed for the 80 mM manNAc supplemented on day 0 (Appendix Table C.4). 
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The sialylation levels of all manNAc-supplemented conditions, with absolute 

values ranging from 26.39 to 35.12%, were similar when compared to the sialylation 

level of the unsupplemented control, 32.44% (Figure 4.6c, Appendix Table C.3). 

However, the 80 mM, day 0 condition was significantly lower when compared to the 

control based on statistical tests at 26.39±0.16%. Yet, interestingly, the lower 20 mM 

concentrations of manNAc at earlier time points in culture, day 0 and 4, were observed 

to have a noticeably increased S2 glycan species distribution at 19.14±0.53% and 

18.45±1.24% when compared to the control of 14.02±1.30%. Furthermore, statistical 

testing supported the 20 mM manNAc supplemented on day 0, having a significantly 

increased S2 glycan species abundance percentage compared to the control (Appendix 

Figure C.5, Appendix Table C.4). 

  



 
 

 
 

124 

 

 

Figure 4.6: Abundance (%) of (a) fucosylated, (b) galactosylated, and (c) sialylated glycan species based on 
respective day 12 glycan distribution for control and manNAc experimental conditions. n=2 for 
each condition. 
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4.7 Discussion 

In this study, the impact of three different media additives (2FP, galactose, and 

manNAc) supplemented at three independent time points (day 0, 4, and 8) on cell 

growth, mAb production, and glycan distribution was evaluated.  

4.7.1 2-F-peracetyl Fucose 

All 2FP supplementation, regardless of the concentration and time point of 

addition, did not significantly affect cell growth, metabolism (glucose/lactate), or mAb 

production. This contrasts with the fucosylation effect, as 2FP-supplemented 

conditions yielded a reduction of fucosylation levels up to approximately 96.87% 

relative to the control. Fucosylation reduction heavily favored the higher 

concentration, 80 µM, of 2FP being administered during early cultured, days 0 and 4, 

in which both conditions achieved greater than 92% reduction relative to the control. 

In comparison, the least amount of reduction in fucosylation, at 17.20%, was observed 

for the lower concentration, 25 µM, when administered late in culture on day 8. 

Mechanistically, 2FP is a cell-permeable, fluorinated derivative of fucose that is taken 

up and metabolically transformed through the salvage pathway into a GDP-fucose 

mimetic, GDP-2FP, that is not transferable by FUT8, leading to its inhibition and 

decrease in overall fucosylated mAbs.99 Furthermore, the accumulation of GDP-2FP 

as the cell cannot utilize it, inhibits de novo synthesis of GDP-fucose. This inhibition 

directly explains the decrease in fucosylation levels observed in the 2FP supplemented 

culture conditions. Similarly, across literature studies, supplementation of 50 µM and 

54 µM concentrations of 2FP yielded fucose content reductions of 45% and 40% 

comparative to control cultures.99,100 Lastly, full glycan distribution effects of 2FP 
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conditions were minimized as galactosylation and sialylation perturbations were no 

greater than approximately 10% and 5%, respectively.  

4.7.2 Galactose 

Galactose-supplemented culture conditions had lower maximum VCDs, with 

reductions up to 69.87% relative to the unsupplemented control. The greatest 

reductions in maximum VCD, of 69.87%, and 47.49% relative to the control, were 

observed in the two galactose conditions at the 100 mM concentration when 

administered earlier in culture (day 0 and 4). Glucose and galactose are hexose sugar 

compounds that differ only in the position of their hydroxyl groups on the 4th carbon. 

Both molecules can serve as carbon sources of cell metabolism for energy production. 

However, galactose conversion is slower, and requires more steps as it must be 

converted to glucose-1-phosphate via the Leloir pathway before being further 

converted for energy.194 Previous literature studies by Neermann and Wagner, where 

galactose is the sole carbon source, and Kelly et al., where combinations of glucose 

and galactose at higher levels are supplemented in the media, have demonstrated low 

survival rates and a decrease in the specific cell growth rate as a result of galactose.195–

197 This possible shift or change in carbon source as galactose is introduced at higher 

concentrations than those trace levels of the optimized media could explain the 

reduction of CHO cell proliferation resulting in lower maximum VCDs, although 

complete rationale is inconclusive. This effect seemed to directly coincide with the 

day of addition for each galactose concentration added. Additionally, all higher 100 

mM galactose-supplemented culture conditions were observed to have significantly 

lower final titers and cell-specific productivities, with higher reduction relative to the 

control the earlier the 100 mM galactose was supplemented in culture. While galactose 
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is involved in cell metabolism for energy production, it is also a necessary precursor 

substrate for UDP-Gal, which interacts with galactosyltransferases in the Golgi for 

mAb galactosylation.65,77,96 Interestingly, no significant increase was observed in the 

galactosylation levels of the galactose-supplemented conditions relative to the control. 

The lack of galactosylation increase could result from the VRC01 produced mAb 

having N-glycosylation sites located on the heavy and light chain of the antibody. This 

contrasts with typical CHO produced mAbs, in which the N-glycosylation site is 

solely on the heavy chain and generally has a lower population of galactosylated 

glycan species. Furthermore, the heterogenous nature of CHO cells could contribute to 

the lack of change, as each is optimized uniquely for various performance. Thus, it is a 

possibility that the galactosylation levels in this cell line already maximized. 

Additionally, media optimization could play an important role in galactosylation 

already being optimized, but given the proprietary nature of the media used, further 

investigation would be necessary to improve clarity. Lastly, full glycan distribution 

effects of galactose conditions were minimized as fucosylation and sialylation 

perturbations were no greater than approximately 8% and 10%, respectively.  

4.7.3 N-Acetylmannosamine 

ManNAc-supplemented culture conditions had lower maximum VCDs, with a 

significant maximum VCD reduction, of 48.11% relative to the control, for the higher 

80 mM concentration supplemented on day 0. Additionally, the higher 80 mM 

concentration supplemented on day 0 had a significantly lower final titer, equating to a 

55.13% reduction relative to the control. However, the 80 mM manNAc supplemented 

during early culture (day 0 and 4) conditions did not display significantly lower cell-

specific productivities compared to the unsupplemented control. This suggests that 
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manNAc supplementation does not impact the internal cell capacity for mAb 

production, but it have an upper concentration limit that makes it determinantal to cell 

growth. ManNAc is widely used to enhance sialylation, considering it is a precursor 

substrate for the donor sugar, CMP-sialic acid. This donor sugar is acted upon by 

sialyltransferases, which transfer the sialic acid to the mAbs.65,96 Interestingly, no 

significant change in overall sialylation was observed for any of the manNAc-

supplemented conditions except for the 80 mM supplemented on day 0, for which 

there was a significant 18.65% reduction in sialylation relative to the control. This was 

in contrast to literature observations in which 20 mM manNAc supplementation 

yielded 12% to 20% increases in sialylated glycan species.190,192 The significant 

decrease in sialylation was unexpected, but likely a result of the decreased 

proliferation and production functionality for the cells in this condition. However, for 

all the rest of the manNAc-supplemented conditions, there was a noticeable increase in 

completely sialylated, S2 glycan, species. This outcome can increase mAb half-lives 

as sialic acid shields galactose residues which, otherwise when exposed, prompt the 

removal of the protein from blood circulation because of endocytosis-mediated uptake 

by asialoglycoprotein receptors on hepatocytes.65,66,73,89  

4.8 Conclusion 

While media supplementation has been widely studied for its effect on the cell 

growth characteristics and quality attributes of produced mAbs, such studies have not 

been applied to industrially relevant fed batch processes in which the time of addition 

and concentration are both varied. Here, the effects of three different media additives 

(2FP, galactose, and manNAc) supplemented at three independent time points (day 0, 

4, and 8) were explored. These results indicate the importance of both concentration 



 
 

 
 
129 

and time of supplement addition. While concentrations and time of additions were 

independently altered to observe glycan species changes, the possible synergistic 

effects from a more combinatorial experimental design could lead to more desirable 

effects while laying the groundwork for more structured glycan by design approaches. 
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SUMMARY AND FUTURE WORK  

5.1 Summary of Conclusions 

In this work, two industrially relevant CHO cell lines were established as 

references to support biomanufacturing efforts among academics for industrial 

application, with a focus on establishing the first foundational studies on the VRC01 

reference cell line for potential mAb production and glycosylation improvements. The 

established reference CHO cell lines and findings from this study will be made 

available to the broader research community for non-commercial use. In Chapter 2, we 

developed and characterized two reference CHO cell lines, VRC01 and GS23, from 

different lineages that express mAbs. We demonstrated that both reference cell lines 

have industrially relevant performance with stably expressed titer levels above 1 g/L 

in commercial media. Additionally, we developed a chemically defined media 

formulation and evaluated performance of the reference cell lines in parallel to the 

commercial media. Furthermore, we demonstrated repeatable growth and production 

using these cells and media in shake flasks and scale-down bioreactor systems at two 

different academic laboratories to ensure that the process technology can be 

transferred effectively. This particular work will help harmonize the field and provide 

standard datasets for comparison across academic and industry research sites for CHO 

cell biomanufacturing as an open resource tool.  

Chapter 5 
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In Chapter 3, the potential titer enhancing and glycosylation impact of HDAC 

inhibition is evaluated using the VRC01 reference cell line. We develop a VRC01 

clone platform in which various clonal cell lines are expressing differential levels of a 

model mAb using a DHFR-based MTX selection system. Using this platform, we 

tested the utility of sodium butyrate as a productivity enhancer, and its impact on mAb 

quality. We demonstrate that HDAC inhibition can be used safely without any adverse 

impact on product quality with systematic optimization. However, the effect on 

HDAC inhibition on titer enhancement for our VRC01 platform is negligible as 

enhancement also depends on various transcriptional and secretory capacities. 

Furthermore, we characterized and showed that clonal variations should be taken into 

consideration during early cell development to ensure desired target product quality 

profiles, in tandem with production levels. This work serves as a foundation for 

research methods on improving mAb production utilizing the first of its kind, 

reference cell line that is industrially relevant.  

In Chapter 4, we evaluate media additive strategies for influencing the 

glycosylation profile of the VRC01 reference cell line. The factorial experimental 

design explored the effects of three different media additives (2FP, galactose, and 

manNAc) supplemented at two independent concentrations and three independent time 

points (day 0, 4, and 8). We observed 2FP can be used to decrease fucosylation levels 

without any adverse impact on growth and production. 2FP effectiveness in reducing 

fucosylation levels favors higher concentrations supplemented earlier in culture. We 

observed galactose did not significantly increase galactosylation levels regardless of 

the concentration or time of supplementation. Lastly, we observed manNAc increased 

the amount of completely sialylated glycans but not overall sialylation levels. Our 
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results showed which supplements effectively alter specific glycan species while 

determining which strategies of time of addition and concentration are favorable.  This 

work serves as a foundational study on methods for influencing glycan profiles for the 

industrially relevant reference cell line.  

5.2 Recommendations for Future Work 

5.2.1 Media Optimization for AMBIC Reference Media 

 As part of this work, in chapter 2, we developed a chemically defined 

formulation referred to as AMBIC 1.0 media. Performance of the reference cell lines 

in this media failed to replicate the mAb production generated in each of the 

respective proprietary commercial media. The goal of this work was to establish a 

readily available reference cell line that had similar performance in terms of mAb 

production, greater than 1 g/L, compared to that of industrial CHO cell lines. While 

the GS23 cell line was able to still achieve this marker in the AMBIC 1.0 media, the 

VRC01 cell line did not.  Thus, in order to completely achieve this industrial relevance 

in performance of the VRC01 without any unknown components, there is value in 

optimizing the defined media. Current commercial media contain hundreds of 

components ranging from amino acids, salts, trace elements, vitamins, growth factors, 

and other additives.198 As a result, a large number of experiments are necessary to 

optimize the concentrations of this sizable number of media components. Previous use 

of methods for media optimization, such as stoichiometric models for mammalian cell 

growth and antibody expression, metabolic flux analysis (MFA), and statistical design 

of experiments (DOEs), have helped to streamline and reduce the labor involved in 

such efforts.198  However, the incorporation of these previous methods with more 
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advanced technologies utilizing “omics” such genomic, transcriptomic, proteomic, 

metabolomic, glycomics, and epigenomics into a more holistic model would provide 

even better mechanistic insights to further improve media for high productivity and 

consistent growth of CHO cells. The development of an optimized AMBIC media 

incorporating omics datasets would serve a dual purpose in that the broader research 

community would now have a chemically defined media up to industrial standards to 

build studies upon and media supplementation studies would have more accurate, 

effective results transferable to industrial CHO cells in commercial media where ratios 

of nutrients are already optimized for desired performance. 

5.2.2 Investigate Chromatin Accessibility of VRC01 Reference Cell Line over 
Time and Potential use of HDACi for Aged Cells 

 HDAC inhibitors are known to have the potential to increase protein 

expression through hyperacetylation of the chromatin, which increases chromatin 

accessibility (Buchwald, 2009). In chapter 3, we fail to observe this increase in mAb 

production as a result of sodium butyrate induction regardless of the level of innate 

productivity on the VRC01 clone platform. Furthermore, we did not observe an 

increase in the expressing mAb transgene RNA levels. As a result, we hypothesize that 

the transgene is already in a relaxed chromatin state which already optimized mAb 

production from a transcriptional perspective. In order to validate this hypothesis, 

performance of a chromatin immunoprecipitation (ChIP) assay with an acetylated 

histone marking antigen could provide confirmation of the chromatin relaxed 

state.172,199 However, to go even further, the comparative analysis of the degree or 

quantitative measurement of the chromatin accessibility for the wild type VRC01 and 

HDACi treated conditions would clearly show whether there is any improvement.  
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Performance of an assay for transposase-accessible chromatin using sequencing 

(ATAC-Seq) in combination with RNA-Seq to simultaneously check chromatin 

accessibility and gene expression dynamics would allow a unique combination of 

datasets to get a better picture of what is happening in the cell at the molecular 

level.200,201  

 Also within the scope of addressing this hypothesis would be understanding 

what contributed to the VRC01 transgene already being in a relaxed chromatin state. 

Based on the vector design of the VRC01 plasmid used during development of our 

clone platform, we further hypothesize that the plasmid contains epigenetic chromatin-

modifying elements that open the DNA to enhance transcription and protect vector 

promoter from silencing. Such chromatin modifying elements include matrix 

attachment regions (MARs), insulators, stabilizing anti-repressors (STARs), and 

ubiquitous chromatin opening elements (UCOEs).25,202 Modifying the plasmid to 

quantitively analyze chromatin accessibility, as discussed previously with none, part, 

and all of these chromatin-modifying elements transfected into the VRC01 cell line, 

would provide a deeper understanding of how these elements contribute to the 

accessibility of the chromatin.   

 Furthermore, we check if HDACi has positive benefits on the transfected 

VRC01 cells without these chromatin-modifying elements. Lastly, CHO cell line 

instability resulting in a decline in productivity and product quality is an issue in 

biomanufacturing that many are constantly seeking to address.3 Therefore, there would 

be tremendous value in studying the stability of mAb production and chromatin 

accessibility of the VRC01 cell line with these modifying chromatin elements.  

Understanding how these chromatin-modifying elements maintain or lose 
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effectiveness over time could provide invaluable knowledge and create opportunities 

for media additives such as HDAC inhibitors to be introduced later in prolonged 

perfusion cultures to overcome potential instability stemming from chromatin 

accessibility.203 

5.2.3 Evaluate Alternative Media Additives and Combinatorial Effects 

 In chapter 4, we explored the use of three media supplements (2FP, galactose, 

and ManNAc) known for their potential to influence or modify the distribution of 

glycans for a produced mAb. These three supplements make up a small fraction of the 

potential supplements and media components possible for glycosylation modification. 

Therefore, as a recommendation for future work, there is value in expanding the 

supplements tested on the VRC01 cell line. 2FP was utilized for reducing fucosylation 

through FUT 8 inhibition and GDP-mannose 4,6-dehydratase feedback inhibition.204 

However, reactive red 120 (triazine dye), which is also a known FUT8 inhibitor, and 

mycophenolic acid, which reduces the availability of GTP, have also been linked to 

core fucosylation reduction.205,206 Similarly, galactose was supplemented for the 

potential to increase galactosylation as a UDP-Gal substrate precursor, but manganese 

and uridine also offer alternatives for increasing galactosylation as another substrate 

increase for UDP-Gal and a cofactor of galactosyltransferase.207,208  Lastly, manNAc 

was introduced to increase sialyation as a CMP-sialic acid precursor. We observed an 

increase in completely sialylated glycan species but not overall sialyation. Trace 

metals such as copper or the chemical compound siastatin B are viable alternatives 

linked to sialyation increase through competitive sialidase inhibition.209,210  The 

differences in mechanism for the same potential desired outcomes for each of these 

glycosylation modifying supplements offers a distinct outcome and when studied for 
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combinatorial effects could offer beneficial, synergistic effects where the 

glycosylation modifications are greater than the sum of the individual supplemental 

effects. While similar studies utilizing some of these glycosylation-modifying 

supplements may have been explored, the time dependence for when to supplement 

these additives in fed-batch processes has yet to be fully investigated. Therefore, 

designing a robust factorial experiment to evaluate potential combinatorial effects with 

these additional supplements at various concentrations and time points in culture 

would provide a unique and vast dataset that could support not only glycosylation 

control in biomanufacturing but also help accelerate media design for desired 

glycosylation profiles.  
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SUPPLEMENTARY INFORMATION FOR CHAPTER 2 

 
 
 

 
 

Figure A.1: Integrated viable cell density versus titer for shake flask fed-batch 
cultures of VRC01 and GS23.  The slope of the IVCD vs titer curve is 
used to calculate the cell specific productivity (qP). A) For VRC01 cell 
line, the IVCD reached 150 million cells/mL·day and titers of greater 
than 1.5 g/L.  This resulted in a cell specific productivity (qP) of 8.34 ± 
0.84 pg/cell·day for the cultures (n = 4; n = 2 per site). B) For GS23 cell 
line, the IVCD vs titer curve resulted in cell specific productivity (qP) of 
51.0 ± 1.3 pg/cell·day. Site A (blue) n = 2 and Site B (green) n = 2. 
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Figure A.2: Cell viability for VRC01 cultured in the scaled down bioreactors using 
ActiPro and AMBIC 1.0 media. Commercially available media, ActiPro, 
(A) maintained greater than 70% viability for 14 days while AMBIC 1.0 
(B) showed more rapid decline crossing the 70% viability threshold at 
approximately 10 days. Site A (blue) n = 3 and Site B (green) n = 2. 



 
 

 
 
158 

 

Figure A.3: Glucose and lactate profiles for VRC01 in bioreactor cultures using 
ActiPro and AMBIC 1.0 media. Glucose (A, B) was consumed and 
supplemented to maintain 6 g/L target concentration in ActiPro (A) and 
AMBIC 1.0 (B) media. Daily glucose addition after day 3 was required to 
avoid glucose depletion. Lactate (C, D) concentration shows initial 
production corresponding to exponential growth, followed by lactate 
consumption in ActiPro (C) and AMBIC 1.0 (D) media. Glucose and 
lactate concentration profiles show consistent behavior between 
replicates. Site A (blue) n = 3 and Site B (green) n = 2. 
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Figure A.4: Glutamine and glutamate concentration for VRC01 in bioreactors using 
ActiPro and AMBIC 1.0 media. Glutamine decreases from the initial 6 
mM concentration rapidly in ActiPro (A) and AMBIC 1.0 (B) media. In 
ActiPro, glutamine reaccumulates at the end of culture. Glutamate 
concentration gradually increases in ActiPro (C) but decreases in AMBIC 
1.0 (D). Site A (blue) n = 3 and Site B (green) n = 2. 
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Figure A.5: Offline pH for VRC01 in bioreactors using ActiPro and AMBIC 1.0 
media. pH was successfully controlled to approximately 6.9 for ActiPro 
(A) and AMBIC 1.0 (B) media conditions in all replicates at both sites. 
Initial pH values prior to inoculation (on day 0) at Site B were adjusted to 
6.9 within 24 hours. Data collected by a BGA at Site A and the Nova 
BioFlex 2 at site B. Site A (blue) n = 3 and Site B (green) n = 2. 
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Figure A.6: Dissolved O2 (pO2) and CO2 (pCO2) for VRC01 in bioreactors using 
ActiPro and AMBIC 1.0 media. Dissolved oxygen fluctuates widely 
during the bioreactor run for all media types at Site A but shows tight 
consistency between replicates at Site B (A, B). Likewise, dissolved CO2 
shows increased variability paired higher values at Site A as compared to 
Site B for all media types (C, D). The dissolved gases were measured 
using a BGA at Site A and the Nova Bioflex at Site B. As these values 
must be accessed immediately, no sample exchange was possible to 
further align processes. Site A (blue) n = 3 and Site B (green) n = 2. 
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Figure A.7: Ammonia concentration and osmolarity for VRC01 in bioreactors using 
ActiPro and AMBIC 1.0 media. Ammonia increases in the latter days of 
culture growth for ActiPro (A) and AMBIC 1.0 (B) media. Osmolarity 
also increases in ActiPro media (C) due to the high osmolarity of the Cell 
Boost 7a feed whereas no significant change observed in AMBIC 1.0 (D) 
media. Consistent behavior was observed across replicates and sites 
despite different equipment used in measurement (Ammonia measured 
by Cedex at Site A, Nova Bioflex at Site B, osmolality measured using 
osmometer at Site A and by Nova Bioflex at Site B). Site A (blue) n = 3 
and Site B (green) n = 2. 
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Figure A.8: Glucose and lactate concentration profiles for GS23 grown in bioreactors. 
Glucose depletion (A, B) was avoided by daily addition of a 45% wt/wt 
glucose solution. Lactate accumulated and was consumed throughout the 
fed-batch with notably higher concentrations in all Site B replicates (C, 
D). Glucose and lactate concentration profiles show consistent behavior 
between replicates with Site A measurements using a Cedex and Site B 
collecting measurements with the Nova Bioflex. Site A (blue) n = 3 and 
Site B (green) n = 2. 
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Figure A.9: Cell viability for GS23 cultured in bioreactors. Commercial, Advanced 
CHO Fed-batch media (A), and AMBIC 1.0 (B) maintained greater than 
70% viability for 11-14 days. Measurements at Site A were collected 
using a Cedex with a Nova Bioflex used at Site B. Site A (blue) n = 3 and 
Site B (green) n = 2. 
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Figure A.10: Glutamine and glutamate concentration for GS23 in bioreactors using 
Advanced CHO Fed-Batch and AMBIC 1.0 media. Glutamine is 
maintained at a low level for Advanced CHO Fed-Batch (A) and AMBIC 
1.0 (B) media. Glutamate concentration decreases in Advanced CHO 
Fed-Batch (C) and steadily increases in AMBIC 1.0 (D) media. Site A 
(blue) n = 3 and Site B (green) n = 2. 
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Figure A.11: Ammonia concentration and osmolarity for GS23 in bioreactors using 
Advanced CHO Fed-Batch and AMBIC 1.0 media. Ammonia increases 
in the final days of culture growth for Advanced CHO Fed-Batch (A) and 
AMBIC 1.0 (B) at Site A. Osmolarity was maintained constant in all 
media formulations: Advanced CHO Fed-Batch (C) and AMBIC 1.0 (D). 
Consistent behavior was observed across replicates and sites. Site A 
(blue) n = 3 and Site B (green) n = 2. 
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Figure A.12: The offline pH for GS23 in bioreactors using Advanced CHO Fed-Batch 
and AMBIC 1.0 media. pH is well maintained within the desired set 
point range (7.0 to 7.4) for GS23 bioreactor cultures during the length of 
the bioreactor run. The measured pH at Site A was consistently lower 
than Site B for all media conditions. Site A (blue) n = 3 and Site B 
(green) n = 2. 
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Figure A.13: Dissolved O2 (pO2) and CO2 (pCO2) for GS23 in bioreactors using 
Advanced CHO Fed-Batch and AMBIC 1.0 media. Dissolved oxygen 
fluctuates widely during the bioreactor run for all media types at Site A 
but shows more consistency between replicates and higher values at Site 
B (A, B). Dissolved CO2 shows increased variability paired higher values 
at Site A as compared to near zero levels at Site B for all media types (C, 
D). Site A (blue) n = 3 and Site B (green) n = 2. 

 



 
 

 
 
169 

 

Figure A.14: Comparison of mAb titer quantification by Octet and Cedex instruments 
for the same samples.  Data points represent identical samples analyzed 
using both techniques (n = 69 for VRC01, n = 97 for GS23). The best fit 
line was generated by the Deming regression.   
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Supporting Text A.1: Round Robin for titer quantification 
 
In working across two locations, the differences in equipment availability became 
apparent when quantifying mAb titer. At Site A, titers were obtained using a Cedex 
Bio analyzer while Site B utilized an Octet 96e with Protein A biosensors. To address 
these differences, a round robin was conducted where samples were exchanges 
between the sites. Both sites quantified the titers. Appendix Figure A.14 shows all the 
measurements on the same sample measured at both sites.  Site A measurements are 
shown as Cedex equivalent titers and Site B measurements are shown as Octet-
equivalent titers.  These titers represent some of titers shown in Figure 2.2 and Figure 
2.4. In Figure 2.2 and Figure 2.4, only the Octet equivalent titers are presented.  A 
Deming analysis was used to addresses the measured error at both sites. This analysis 
uses a maximum-likelihood fitting of a functional relationship technique (performed in 
RStudio version 1.3.1056).  The non-one slope indicates the measurement tools 
provide correlated titers, but with different absolute values. For the VRC01 cell line, 
the relationship is 0.686 (Cedex: Octet) for the VRC01 mAb, and for GS23 the 
correlation is 0.442 (Cedex: Octet) for the mAb. In both mAbs, a Cedex bioanalyzer 
estimates a lower total titer when compared to the Octet with Protein A biosensors. 
These results are not surprising, as the two instruments use two distinct mechanisms 
for quantitation. The Octet utilizes protein A binding affinity, while the Cedex 
bioanalyzer uses the Fc binding with antiserum detected by turbidity. Despite these 
measurement differences, both instruments enable faster analysis, as compared to 
traditional high pressure liquid chromatography (HPLC).  It is worth noting that this 
work does not consider multiple cell lines producing the same product (different 
clones isolated in parallel within cell line development). Collectively, the results 
shown in Appendix Figure A.14 provide the means for an approximate titer 
conversion between Cedex and Octet measurements for titer quantification for these 
two cell lines.  
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Table A.1: Materials and supplies utilized in this work 

Material  

Product 
Number or 

Serial 
Number 

Vendor  Vendor location 

Sterile PC flasks (Vented, 
Plain bottom) 125 mL PBV125 Fisher Scientitic  Waltham, MA 

Multitron Incubation 
Shaker E2671119FX2 InforsHT Annapolis 

Junction, MD 
VWR Advanced 3500 
Orbital Shaker MP980303P1 VWR Radnor, PA 

ActiPro (w/ Poloxamer-
188, w/o Insulin or L-
Glutamine) 

SH31039.02 Cytiva Marlborough, 
MA 

D - (+) - Glucose solution 
100mL 68769 Sigma-Aldrich St. Louis, MO 

L - Glutamine 200 mM 
(100x) 25030-081 Thermo Fisher 

Scientific  Waltham, MA 

Cell Boost 7a SH31026.07 Cytiva Marlborough, 
MA 

Cell Boost 7b SH31027.01 Cytiva Marlborough, 
MA 

AMBIC Reference 
Medium 1.0 1000 ML 73396C Millipore Sigma St. Louis, MO 

EX-CELL Advanced 
CHO Feed 1 (w/o 
glucose) 1L 

24368C Sigma-Aldrich St. Louis, MO 

EX-CELL Advanced 
CHO Fed-Batch Medium 
- 1000 mL 

14366C Sigma-Aldrich St. Louis, MO 

AMBIC Reference Feed 
1.0 1000 mL 73397C Millipore Sigma St. Louis, MO 

Protein A calibrator set 18-1118 ForteBio Fremont, CA 
Protein A (ProA) dip and 
read probes 18-5010 ForteBio Fremont, CA 

Multitron shaking 
incubator 180002 INFORS HT Annapolis, MD 

OctetRed 96e FB-90062 ForteBio Fremont, CA 
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Table A.1: continued  

Material  

Product 
Number or 

Serial 
Number 

Vendor  Vendor location 

Vi-Cell XR cell viability 
analyzer 383556 Beckman 

Coulter Brea, CA 

AMBR250 HT 12-Way 
bioreactor system 

0149 for site 
A, 0163 for 

site B 
Sartorius AG Gottingen, 

Germany 

AMBR250 Mammalian 
filterless vessels 001-5G25 Sartorius AG Gottingen, 

Germany 

BioProfile FLEX2 T26119210C Nova 
Biomedical Waltham, MA 

ABL90 FLEX PLUS 
blood gas analyzer (BGA) NC2015970 Radiometer 

America Brea, CA 

Cedex Bio analyzer 31154 Roche Mannheim, 
Germany 

Ammonia Bio Cedex Test 
kit 06343775001 Roche Mannheim, 

Germany 
Glucose Bio Cedex Test 
kit 06343732001 Roche Mannheim, 

Germany 
Glutamate V2 Bio Cedex 
Test kit 07395582001 Roche Mannheim, 

Germany 
Glutamine V2 Bio Cedex 
Test kit 07395655001 Roche Mannheim, 

Germany 
IgG human Bio Cedex 
Test kit 06681743001 Roche Mannheim, 

Germany 
Lactate Bio Cedex Test 
kit 06343759001 Roche Mannheim, 

Germany 
OsmoTech PRO Multi-
sample Micro-osmometer OSMOPRO Advanced 

Instruments Norwood, MA 

Reagent Cartridge BP 
Flex2 ESM 58003  

Nova 
Biomedical Waltham, MA 

Chemistry Calibrators and 
Reagent Set LC BP Flex2 57957 Nova 

Biomedical Waltham, MA 

Calibrator Cartridge 
pH/Gas LV BP Flex2 56073 Nova 

Biomedical Waltham, MA 
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Table A.1: continued  

Material  

Product 
Number or 

Serial 
Number 

Vendor  Vendor location 

Auto Cartridge QC 
pH/Gas Flex2 57512 Nova 

Biomedical Waltham, MA 

Sensor Card Chemistry 
LV Flex2 57510 Nova 

Biomedical Waltham, MA 

Sensor Card pH/Gas LV 
Flex2 57035 Nova 

Biomedical Waltham, MA 

Micro tubes OSM48 BP 
Flex2 59859 Nova 

Biomedical Waltham, MA 

Sample NOVA Cups 400 
uL 250/bag 58275 Nova 

Biomedical Waltham, MA 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 
Note B.1: The following steps are based on the thaw vial containing ~107 host 

cells.  If the initial thaw vial does not contain ~107 cells or is unknown, 
then a cell count will need to be performed using a Vi-CELL. Based on 
cell count, use a pipette to transfer ~107 cells to a sterile 15 mL 
centrifuge tube before starting step 3. 

 
Note B.2: ViCell measurement requires a 0.6 mL sample of culture fluid to be 

pipetted into a ViCell sample cup for analysis. 
 
Note B.3: Following the manufacturer’s instructions, a program specific to the 

cell type should be used. In this case, the program F-137 was selected 
for the CHO-K1 cell type specified for this protocol 
(https://lonza.picturepark.com/). 

 
Note B.4: Previous literature studies have typically found that 1 mM is the 

optimal NaBu concentration in many CHO cell lines, so in testing other 
CHO cell lines, it is recommended to start with concentrations closer to 
that value.   

 
Note B.5: Day N should be identified based on previous fed-batch growth 

characterization studies during clone development. Treatment on day N 
ensures high VCD before NaBu addition that would minimize the 
cytotoxic effects of NaBu. 

 
Note B.6: Column volume (CV) is determined by the column diameter and the 

bed height of the resin. The amount of mobile phase used in each step 
is determined in terms of column volume. 

 
Note B.7: The retention times of glycans are expressed in Glucose Units (GU) by 

reference to the components of the dextran ladder. Each glycan 
structure has a GU value that is related to the number and linkage of its 
constituent monosaccharide units. 
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Table B.1: Consistency of N-glycosylation shown by reproducible batch results for 
biological replicates of different cell lines 

 

Clone ID Sialylation Mannose Afucosylation Fucosylation Galactosylation 

A11 22.73 9.43 27.41 45.85 54.99 
A11* 21.97 8.10 32.78 52.68 55.01 

Mean  22.35 8.77 30.10 49.27 55.00 

% CV 2.40 10.73 12.62 9.80 0.03 

      
CP24 14.14 14.15 34.40 40.06 32.50 

CP24* 14.09 9.44 31.43 30.95 35.30 

Mean  14.12 11.80 32.92 35.51 33.90 
% CV 0.25 28.24 6.38 18.14 5.84 

      
CP35-
HDACi 15.28 10.47 32.64 31.70 38.95 

CP35*-

HDACi 18.94 10.65 33.85 34.80 45.00 

Mean  17.11 10.56 33.24 33.25 41.98 
% CV 15.15 1.21 2.58 6.60 10.19 

      
CP24-
HDACi 18.03 9.51 29.32 42.81 38.63 

CP24*-

HDACi 16.07 16.51 34.17 41.82 35.69 

Mean  17.05 13.01 31.75 42.32 37.16 
% CV 8.13 38.05 10.80 1.65 5.59 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

 

 

Figure C.1: Dextran ladder injection showing G4 – G12 peak assignments (left) and a 
corresponding separation calibration curve constructed from six dextran 
ladder injections (right). 
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Figure C.2: Released N-glycan fluorescence chromatogram showing peak 
assignments based on GU and MS data. 23 total glycans were identified 
(15 identified based on GU and mass confirmation, and 8 identified based 
on GU only). 
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Figure C.3: Abundance (%) of (a) G1, (b) G2, (c) S1, (d) S2 glycan species based on 
respective day 12 glycan distribution for control and 2FP experimental 
conditions. n=2 for each condition. 
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Figure C.4: Abundance (%) of (a) G1, (b) G2, (c) S1, (d) S2 glycan species based on 
respective day 12 glycan distribution for control and galactose 
experimental conditions. n=2 for each condition. 
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Figure C.5: Abundance (%) of (a) G1, (b) G2, (c) S1, (d) S2 glycan species based on 
respective day 12 glycan distribution for control and manNAc 
experimental conditions. n=2 for each condition.  
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Table C.1: Flow rates and gradient of mobile phase A, 50 mM ammonium formate, 
pH 4.4, and mobile phase B, 100% LC-MS grade acetonitrile, used for 
UPLC-MS sample separation phase. 
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Table C.2: List of values, standard deviations (std), and statistical p-values for maximum VCD, final 
   titer, productivity (qP) of control and all experimental conditions 

 
 

Note: ‘*’ on p-value indicates significance difference of value compared to control based on statistical tests 
with 95% confidence intervals. P-values have been adjusted for multiple comparisons.  
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Table C.3: List of values, standard deviations (std), and statistical p-values for fucosylation, 
galactosylation, and sialylation percentages based on respective day 12 glycan distribution of 
control and all experimental conditions.  

                   
 

Note: ‘*’ on p-value indicates significance difference of value compared to control based on statistical tests 
with 95% confidence intervals. P-values have been adjusted for multiple comparisons.  
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Table C.4: List of values, standard deviations (std), and statistical p-values for G1, G2, S1, and S2 glycan 
percentages based on respective day 12 glycan distribution of control and all experimental 
conditions.  

                   
 

Note: ‘*’ on p-value indicates significance difference of value compared to control based on statistical tests 
with 95% confidence intervals. P-values have been adjusted for multiple comparisons.  
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